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ABSTRACT 

Since the mid-1970's, there has been active research on the development of 

Vemonia galamensis (Cass.) Less, as a potential new oilseed crop. Veraoiic acid {cis-

12;13-epoxy- cw-9-octadecenoic acid) comprises 70-75% of vernonia oil and is 

chemically reactive, affording it a variety of industrial applications. A concern in the 

domestication of an oilseed crop is to establish a breeding program to improve oil quality 

traits. The objectives of this research were to 1) develop a rapid procedure for seed 

analyses; 2) determine the development of vernonia oil; and 3) estimate the narrow-sense 

heritability {h^) of oil quality traits. 

Successful separation of free fatty acids (FFA) and acylglycerides from small 

vernonia seed samples was achieved using aminopropyl solid phase extraction columns. 

Acylglycerides were eluted with a mixture of chloroform and isopropanol, while FFA 

were eluted with a mixture of acetone and trifluoroacetic acid. 

Four breeding lines from a collection of Vernonia galamensis held at the US 

Water Conservation Laboratory in Phoenix, AZ were used for the oil development study 

and grown in field trails in Phoenix and Tucson, Arizona. Seeds were collected on nine 

different days after flowering over the course of seed maturation. Seed samples were 

analyzed for FFA, acylglyceride constituent fatty acids, total acylglycerides, and total oil. 

In each breeding line, FFA content changed significantly throughout the course of the 

measurement period, and synthesis of acylglycerides constituent fatty acids followed a 

previously described pathway proceeding from CI6:0 to C18:0 to C18;l to C18:2 to 

C18:1 epoxy. Vernolic acid increased late in the measurement period, while total 
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acyiglycerides and total oil increased steadily over the period. Mature vernonia seed 

exhibited substantial variation in the amount of FFA, acylglyceride constituent fatty 

acids, total acyiglycerides, and total oil. 

Sixty-nine half-sib families were created to study the heritability of FFA, vernolic 

acid, acyiglycerides, and total oil production. Mature capitula were collected and 

analyzed individually for oil constituents. Narrow sense heritability estimates for these 

four oil quality traits were: FFA = 33%, vernolic acid = 65%, acyiglycerides = 47%, and 

total oil = 50%. The results indicate potential for progress in selection for these traits. 
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CHAPTER 1 

Introduction to the Dissertation and Literature Review 

The development of alternative crops is receiving increased recognition as one 

possible answer to some of the problems facing today's agriculture. New industrial crops 

could significantly diversify American agriculture and create markets that are essentially 

noncompetitive with existing crops. They would also provide a reliable domestic source 

of essential industrial feedstocks such as unique oils, many of which are currently 

imported (Perdue et al., 1986; Kaplan, 1989; Perdue et al., 1989; Thompson et al, 1994a; 

b; c; Cunningham, 1997). Vernonia could potentially be a new cash crop for growers who 

need a primary source of income, such as those in areas where farms consist of relatively 

small acreages and where they are dependent upon a single cash crop. Any new crop, 

however, will not be considered seriously until a product is in commerce and agriculture 

has shown it can produce a reliable supply at a reasonable cost (Teynor et al., 1992), 

1. History of Discovery and Domestication 

Vernonia galamensis (Cass.) Less, is an herbaceous plant native to east Africa 

(Gilbert, 1985). Interest in vernonia as a new industrial crop is due to the significant 

amount of vernolic acia (^c/i-12:13-epoxy- c7.?-9-octadecenoic acid), designated as Cl8;l 

epoxy, found in the oil of its achenes (henceforth referred to as seed). Over 60 species of 

plants naturally produce epoxy fatty acids, with the greatest amounts found in the 

Asteraceae and Euphorbiaceae families (Krewson, 1968; Earle, 1970; Carlson et al. 
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1981). Vemonia, a member of the Asteraceae family and the Vernonieae tribe, appears 

to hold the most potential for domestication and large-scale production compared with 

other possible sources, including Stokesia laevis (Krewson, 1968; Earle, 1970; Carlson et 

al, 1981; Ayorinde et a!., 1990a). While other species of Vernonia do contain substantial 

amounts of oil and vernolic acid (including V. anthelmintica and V. volkameriaefolia), 

Vemonia galamemis appears to have the highest quality oil with the most desirable 

agronomic characteristics (Siddiqi et al., 1984). 

The genus Vernonia includes annual and perennial herbs, small to large shrubs 

and even small trees (Carlson et al., 1981), and contains several species that grow in 

tropical and warm temperate areas of Africa, the Americas, Madagascar and Asia. 

Vernonia galamensis is a woody herb found in eastern Zimbabwe, southern Malawi, 

northern Mozambique, Senegal, Ethiopia, Eritrea, Tanzania, and throughout western 

tropical Africa. 

Six subspecies of Vernonia galamensis have been designated, differing 

principally in the character of their phyllaries. The species was originally known as 

Conyza pauciflora Willd., then Vemonia pauciflora, with early literature still referring to 

the plant by the latter name. As a member of the Asteraceae family, the capitula are 

composed of many tiny florets set within a phyllary. Vemonia florets, which open 

centripetally over the course of four to five days, range from pale blue to mauve-blue, 

bright blue to purple in color, and up to 14 mm in length (Gilbert, 1985). Seeds, which 

number from 50-150 per capitulum, are black to dark brown, five to six mm long and 1.5 

mm wide. The seed is covered by silky hairs with a pappus at one end measuring seven 
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to eight mm in length (Krewson et al, 1962). Vemonia normally exhibits annual growth, 

and can grow up to five meters in height, though it is usually much shorter (Teynor et al., 

1992). Branches are initiated at a point below the terminal cluster of capitula with both 

developing a central capitula having up to four associated capitula (Higgins, 1968). The 

plant has narrow, sessile leaves up to 25 cm in length (length/breath ratio 20;!). 

As a crop, veraonia is adaptable to areas with as little as 500 mm of annual 

rainfall. Sufficient moisture must be present to establish good stands and permit the first 

capitulum on each stem to mature. Initial research on vernonia cultivation was begun in 

Ethiopia in 1983 and 1984 with the objective of increasing seed for oil use evaluations 

once cultivation was deemed successful (Perdue et al, 1989). If domesticated, prospects 

for widespread planting seem most favorable in developing countries of Africa and 

Central America (Anon., 1991), Additionally, the aerial structures of F. gaiamensis have 

been shown to contain sesquiterpene lactones (which are chemically active compounds 

under investigation for medicinal purposes), which may further increase interest in the 

plant (Perdue et al., 1993). 

Vemonia was known to ancient Greeks and was described by Theophrastus in the 

second century B.C. Early references point to vemonia's use as both a medicinal and an 

insecticidal agent (Krewson et al., 1962). In 1954, seed oil from Vemonia anthelmintica 

(Willd.), also known as ironwood, Kinkaoil ironweed, and Indian ironweed, was found to 

contain an epoxy fatty acid, which was subsequently given the name vernoiic acid 

(Gunstone, 1954; Miwa et al, 1963). Seed of V. anthelmintica yielded 20-30% oil with 

great variation between lines (White and Earle, 1971). Vemolic acid is the predominant 
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fatty acid (70-75%), with most being in the form of triveraolin (Krewson, 1968; Tallent 

et al., 1969; White and Earle, 1971). Oil is also present as divernolin or monovemolin, 

with the other fatty acids being palmitic (C16:0), stearic (C18:0), oleic (C18:l), and 

linoleic (CI8:2) acids. 

V. anthelmintica was the first species of the genus identified to contain epoxy oi! 

in its seed, thus early research focused on this species. By the mid-1950s, the USDA-

ARS had established a program to evaluate V. anthelmintica for domestication and 

cultivation in the United States (Thompson et al., 1992). Included in the program was 

evaluation of available germplasm and estimates of genetic variability along with studies 

on cultivation. Unfortunately, information from these studies is not available (Thompson 

et a!., 1992). Since that time, most research on V. anthelmintica has focused on cultural 

practices and selection for desirable agronomic traits, including improved plant shape, 

determinate flowering, uniform seed maturation, increased seed retention and 

reproductive biology. 

Berry et al. (1970) studied cross-fertilization in V. anthelmintica. Vernonia 

species have been reported to be cross-fertile and self-incompatible (Jones, 1966). Insect 

pollination (most likely by bees) was shown to be the probable method of cross-

pollination since the large, sticky pollen of the species is not apt to be carried by wind 

(Mamood et al, 1995). In 1969, a study was undertaken to develop a method for making 

controlled crosses by emasculation in V. anthelmintica (Berry and Lessman, 1969a). The 

inheritance of flower color was found to be controlled by a single gene with white being 

recessive, therefore flower color could now be used as a genetic marker in crosses. 
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In 1964, Robert E. Perdue, Jr. botanized a semi-arid region of east Africa 

(Ethiopia) and collected several accessions of the Vernonia galamensis complex 

(Thompson et al, 1994b). This complex was evaluated and found to have many 

desirable agronomic traits. Intraspecific hybrids within this complex have resulted in 

many improvements in the species. For instance, V. galamensis ssp. galamensis var. 

ethiopica, was found to have many desirable agronomic traits, but was observed to flower 

only during short-days, thus liming its utility as a crop plant in the United States 

(Thompson et al., 1994c). Research at the USDA-ARS U.S. Water Conservation 

Laboratory in Phoenix, Arizona determined that a different variety, V. galamensis ssp. 

galamensis var. petitiana, was day-neutral, although the species possessed few of the 

desired agronomic traits of var. ethiopica. Variety petitiana, which is self-incompatible, 

was used as the female parent in controlled crosses allowing the transfer of day-neutrality 

to other vcmonia varieties with preferred traits (Thompson et al., 1994c). 

2. Crop Improvements 

Previous research on Vernonia anthelmintica provided valuable information that 

was applicable to the improvement of Vernonia galamensis. The improvement program 

for V. galamensis that was established by the USDA-ARS acquired nine accessions from 

India and Pakistan that served as the base germplasm for this research (Perdue, 1986), 

Uneven germination and poor stand establishment was investigated by examining 

the effects of seed harvest date and storage conditions on V. anthelmintica seed (White 

and Bass, 1971). In widespread plantings, uniform stand establishment was 
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advantageous and resulted in more synchronized maturity for ease in harvesting. Uneven 

germination of seed is therefore not desired. White and Bass (1971) concluded that seed 

shattering contributed to low yield regardless of pre- or post-frost harvest dates and that 

reduction or elimination of seed dormancy would be beneficial. Seed dormancy is 

considered an obstacle in breeding programs, and Higgins and White (1968) and Berry 

and Lessman (1969b) found that V. antheimintica seed did not germinate for at least four 

months after harvest, with some fresh seed taking up to a year to germinate. 

A study comparing germination and shoot length after seed of four V. 

antheimintica selections were stored at room temperature for two months was conducted 

by Berry and Lessman (1969b). Seed was soaked with pericarps and seed coats intact, or 

soaked followed by removal of the pericarp, or soaked followed by removal of both seed 

coat and pericarp. Results showed that germination rate and shoot length increased 

significantly after either removal of pericarp or removal of pericarp and seed coat, with 

the most significant change occurring with removal of both. Eflfect of line was not 

significant. The authors suggested that due to the observed germination and shoot 

growth, the inhibitory factor(s) might be contained in the seed coat and that removal of 

the pericarp may have physically damaged the seed coat, which may have led to the 

increased germination. 

The higher the vernolic acid content and the lower the free fatty acid (FFA) 

content, the higher the quality of vernonia oil (Krewson et al, 1962). White and Earle 

(1971) reported that pre- or post-frost harvest dates did not affect seed oil content and 

that cold storage of seed (compared to room temperature and barn storage) was most 
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beneficial in maintaining oil quality. Seed harvested pre-frost had a significantly higher 

vernolic acid content than seed harvested post-frost. These researchers reported that time 

and temperature of oil storage was not considered to significantly affect vemolic acid 

content, which were the same results obtained by Scott and Krewson (1965). In addition, 

storage of whole seed at 4°C or 27°C did not bring about the formation of FFA, although 

after crushing aged seed, FFA quickly developed (Scott and Krewson, 1965). The 

authors suggested that lipase activity might increase with time, and that oxirane ratings 

(or the integrity of the epoxy group) were best protected by storing oil under nitrogen. 

Three lines harvested pre-frost in Earle's study (1970) had a statistically equivalent 

percentage of FFA, which were 2.55, 2.25, and 2.70 respectively. During storage, 

changes were not significant. There was a marked increase in FFA content in seed from 

post-frost harvest, with percentages as high as 14.6%. This may be attributed to the loss 

of mature seed during harvest due to shattering, thus a greater percentage of immature 

seed was gathered. The authors suggested that lypolysis by lipase, a very active 

enzymatic system found in Vernonia species, might have increased after the termination 

of photosynthesis. They also found that early and more uniform maturity might be 

factors in lower seed FFA content. 

Massey (1971) conducted a study to determine the best time and method of 

harvesting V. anthelmintica to decrease loss from seed shattering, a known problem with 

vernonia. Cutting and windrowing the plants before maturity of capitula achieved best 

seed yields, yet the affect on oil quality under these conditions was not studied. 

Breeding V. anthelmintica to increase seed oil content was recommended by 
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White and Earle (1971), and genotypic variation for a wide array of traits was 

documented by Berry et al. (1970). They suggested that important progress could be 

achieved through selection for desired traits, and calculated broad sense heritability for 

percent oil to be 0.58, and vernolic acid to be 0.10 (Berry et al, 1970). 

Research was discontinued when it was determined that V. anthelmintica would 

not be suitable for domestication in the United States for a number of reasons, one of 

which included poor seed retention (Thompson et al., 1994b). Vernonia species were 

collected by C. E. Smith, Jr. in 1967 from areas of eastern and southern Africa (Smith, 

1977). These acquisitions, including F. lasiopus O. Hoflfm., also exhibited undesirable 

traits including poor seed retention and low oil yields (Perdue, 1986; Thompson et al., 

1992). 

The acquisition of accessions of the Vernonia galamensis complex by Perdue 

brought new life to the development of Vernonia species as a new crop. Gilbert 

demonstrated a high level of diversity of Vernonia species near Mt. Kenya in east Africa, 

and identified the area as the center of diversity (Perdue, 1988). Additional collections in 

Kericho, Kenya yielded V. galamensis (Cass.) Less., which was cultivated and shown to 

be another potential oil source (Perdue, 1986). The collection ofV. galamensis spp. 

galamensis var. ethiopica was significant in that the seed contained 41.9% oil with 

between 70-80% vernolic acid, much higher than any V. anthelmintica accessions 

(Carlson and Chang, 1985; Teynoret al., 1992; Thompson et al, 1994c; Liu et al, 1998), 

although the fatty acid composition of the oil is quite similar to that of V. anthelmintica 

(Krewson, 1968). 
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Much research has been done to characterize seed and seed oil in numerous 

Vernonia galamemis subspecies and varieties. Substantial variation exists in seed 

weight, although environment invariably plays a role (Thompson et, al., 1994b). During 

the rainy season of 1996 in Eritrea, 61 accessions of V. galamemis evaluated for 

agronomic and chemical parameters demonstrated the existence of wide genetic 

variability that could provide possibilities for genetic improvement of the crop 

(Mohamed et al., 1999), These researchers proposed that significant genetic variation 

existed for both oil content and fatty acid composition. Percent oil ranged from 25.1% to 

39.2% in the accessions they studied of ssp. mutomoensis and ssp. Imhotoemis, 

respectively. The mean percent vernolic acid of the six subspecies studied was 72.5% 

with the range from 66.9% to 76.6%. Varieties within ssp. galamensis ranged from 

68.0% to 77.0% vernolic acid. The remaining fatty acids were linoleic acid (14%), oleic 

acid (7%), stearic and palmitic acids (2-3%). Percentage of vernolic acid, total oil, and 

seed weight were determined from seed collected 129, 148, and 169 days after planting. 

Results for ssp. galamensis var. galamemis showed all variables significantly lower in 

immature seed. Results for other subspecies and varieties were mixed, but in general, 

maturity correlated with increased seed weight as well as oil and vernolic acid 

percentage. For this research, seed oil contents were determined by NMR analysis and 

fatty acid composition was identified by trans-esterification of fatty acids and subsequent 

gas chromatography of the resulting esters. 

Intraspecific hybrids have resulted in further characterization in the species, as 

well as leading to many improvements. Crossing several subspecies and varieties of 
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Vernonia galamensis produced several intraspecific hybrids (Thompson et al, 1994c). 

The number of capitula per plant varied greatly, ranging from 3-27, and the number of 

capitula per plant increased nearly three times in the F1 hybrids with all producing some 

seed. Increased seed weight was noted in the hybrids and attributed to heterosis, with the 

assumption that increased seed weight is negatively correlated with number of 

seed/capitulum. In studies of subsequent F2 and F3 generations, data showed that mean 

seed oil content and percent vernolic acid dropped significantly from the F1 plants. 

Comparisons were made between vernonia selections grown in six geographical 

locations: Oregon, Texas, Arizona, Virginia, Louisiana, and Iowa (Thompson et al. 

1994c). Means for seed oil content between the sites were significantly different, with 

the site in Virginia having the highest percent oil (41.8%) and the site in Oregon having 

to lowest percent oil (36.1%). Seed weights at the Virginia and Oregon sites were 

significantly higher than that measured at all other sites. Percent vernolic acid was 

significantly higher in Virginia (78.7%) compared to all other sites, while Arizona had 

the lowest percentage vernolic acid (61.8%). Thompson et al. (1994c) concluded that 

some areas in the temperate zone of the US are more favorable for vernonia cultivation 

than others. 

3. Applications of Epoxy Oils and Current Supplies 

A number of characteristics make vernonia oil unique among vegetable oils and 

of interest to industry (Dirlikov et al., 1990). Vemonia oil has a low viscosity and a low 

melting point, which are important when evaluating oil solubility with diluents in coating 
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applications (Carlson and Chang, 1985; Dirlikov et al., 1990; Teynor et al., 1992). 

Furthermore, low viscosity and the polymerization ability of vernonia oil facilitates its 

use as a nonvolatile solvent in oil-based paints (Kaplan, 1989) since it will become 

incorporated in the dry paint rather than evaporating and contributing to air pollution as 

volatile organic compounds (VOCs), 

For decades, government agencies in the United States and Western Europe have 

been setting guidelines directing decreases in air pollution associated with VOCs 

(Dirlikov et al., 1990). VOCs have been found to be carcinogenic and toxic, destroying 

human lung tissue, weakening breathing capacity, and diminishing the effectiveness of 

the immune system. By using vernonia oil in paints and coatings, it is possible that 

emissions associated with photochemical pollution could be reduced by tens of millions 

of pounds per year if this crop is folly exploited (Kaplan, 1989; Teynor et al, 1992). In 

1966, the California Air Resources Board set "Rule 66" that called for the regulation of 

emission of hazardous solvents. The U.S. Environmental Protection Agency (EPA), as 

part of the Clean Air Act, mandated a decrease in the emission of VOCs in 1977, and 

forther declared stringent guidelines in the late 1980's. In 1988, the South Coast Air 

Quality District Management announced a proposal to reduce hydrocarbon emissions in 

California by 80-90% in addition to reducing the emission of VOCs from paints and 

varnishes from 22.1 tons/day to 2.1 tons/day (Dirlikov et al., 1990). New York and New 

Jersey have made similar declarations. Slovakia has established the National Program for 

VOC Emissions Reduction since emissions are currently over 25,000 tons annually in 

that country. In a study of the Los Angeles area, it was shown that approximately 22 tons 
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of VOCs were released into the air daily from paints and varnishes (Dierig, personal 

communication, 2003). The Coatings Research Institute at Eastern Michigan University 

projected the need for vernonia oil used in oil-based paints alone to be over 81 million 

gallons/year, which would decrease VOC emissions by at least 160 million tons (Anon., 

1991; Teynor et a!., 1992). Oil-based coatings containing vernonia oil are sought in 

environments where fiimes from traditional solvents are hazardous or polluting (Kaplan, 

1989). 

Considerable research has been done to demonstrate the versatility of vernonia oil 

and its derivatives in industrial applications. The unique functional group of vernolic 

acid, the epoxy group, enables vernonia oil to form polymers with itself or with other 

reactants. The oil has been tested in plasticizers and as a stabilizer in polyvinyl chloride, 

adhesives, paints, and coatings (Riser et al, 1962; Riser et al, 1966; Carlson and Chang, 

1985; Teynor et al. 1992; Thompson et al., 1994c). Interpenetrating polymer networks 

(IPNs) are formed when oils react with chemical reagents (such as polystyrene) yielding 

stronger, more durable chemical networks (Sperling et al., 1983). In a review article, 

Barrett et al. (1993) included vemonia's application in producing BPNs, stating that IPNs 

may have greater toughness and other desirable mechanical properties than their 

constituent parts. Teynor et al. (1992) concluded that vernonia oil's use in fabricating 

BPNs is an area with strong market potential. Furthermore, Bryant et al. (1993) studied 

epoxy secondary amines (or amidation of the oil while retaining the epoxy group) for use 

in paper coatings, printing inks, and polyethylene films. 
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Due to the rabbery nature of polymerized vemonia oil, it may also be suited for 

use in toughening rigid epoxy materials (Dirlikov et a!., 1990). Physical properties of 

vernonia oil films baked onto steel panels were excellent and included hardness, 

malleability, resistance to corrosive solvents, and maintenance of adhesion and integrity 

when the metal was manipulated (Perdue et al., 1989). Other products being developed 

from vernonia oil include degradable lubricants and lubricant additives, epoxy resins, 

adhesives, insecticides and insect repellants, crop-oil concentrates, and a formulation of 

carriers for slow-release pesticides (Kaplan, 1989). 

The potential use of vernonia as a petroleum substitute is important since the 

demand for petroleum is increasing as sources and supplies become tenuous, in addition 

to vernonia being a renewable resource. Barrett et al. (1993) acknowledged that since 

vernonia oil as a renewable resource would provide an alternative to petroleum products, 

that developing nations might be interested in producing vernonia as a cash crop. 

Industrial epoxy oils are currently supplied by the epoxidation of soybean and 

linseed oils. An epoxy group is inserted into unstable areas of the fatty acids of these oils 

using peracetic acid in the presence of hydrogen peroxide and a cationic exchange 

catalyst (Qureshi et al., 1983; Liu et al., 1998). These epoxidation techniques are 

expensive, generate large amounts of chemical waste, and produce a high viscosity oil 

(Mohamed et al., 1999). Epoxidized soybean oil accounted for 70-76% of all epoxy oil 

produced from 1963-1982, with epoxidized linseed oil and other epoxy esters making up 

the remainder. Production of vernonia oil may replace the need to chemically 

manufacture epoxy oils in the future (Riser et al., 1962; Sears and Darby, 1982; Carlson 
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and Chang, 1985; Wypych, 1986; Cuadrado and Williams, 1989). The physical 

characteristics of veraonia oil are unlike those of epoxidized soybean and linseed oils, 

and research has shown that for many applications, vemonia oil is superior. Veraonia oil 

has a lower viscosity when compared with epoxidized linseed and soybean oils at 

temperatures below 0°C and above 50°C, while the epoxidized oils become highly 

viscous and semisolid at temperatures above 50°C (Anon., 1991). 

Riser et at. (1966) and Carlson and Chang (1985) compared the characteristics of 

epoxidized oleic acid with trivernolin and determined that trivemolin is an excellent low 

temperature (-50°C) plasticizer with superior heat and light stability when present in 

polyvinyl chloride. Epoxidized linseed and soybean oils require additional handling 

(such as heating and agitation) to prepare them for coating applications, and Dirlikov et 

al. (1990) deemed them less suitable for coatings compared to veraonia oil. In addition, 

once veraonia oil is in large-scale production, its cost will be less than the expense of 

chemically preparing epoxidized linseed and soybean oils (Dirlikov et al., 1990). This is 

due to the fact that the most abundant form of triglyceride in veraonia oil is trivernolin 

(59.2%), with divernoloyl triglycerides and monovemoloyl reported at 28.1% and 9.5%, 

respectively. Approximately 4% of the triglycerides in vemonia oil contain no veraolic 

acid moieties (Anderson et al, 1993). These percentages illustrate the abundance of 

epoxy fatty acids in vemonia oil as well as its capacity for further epoxidation (Carlson 

and Chang, 1985). 

Veraonia is also being investigated for alternative uses. Nutritive qualities of 

veraonia meal have been evaluated for possible use in the animal feed industry. 
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Ologunde et al. (1990) did not find significant levels of antinutritionai components. 

Princen and Rothfiis (1984), however, reported the presence of vernolepin, which is 

considered an antinutritionai agent. 

4. Free Fatty Acids and Seed Lipase 

High levels of FFA in vemonia oil are a recognized problem. Polymerization 

capacity and storage potential are limited in oils that have high concentrations of FFA 

(Perdue, 1986). Several reports have acknowledged that once seed are crushed for oil 

extraction, high levels of FFA develop (Krewson et al, 1962; Scott et a!., 1963; Krewson 

and Scott, 1964; Krewson, 1968; King et al, 2001). Krewson et al. (1962) reported 

levels of 19.0% FFA in extracted V. anthelmintica oil and recognized that the higher the 

vemolic acid content and the lower the free fatty acid content, the higher the oil quality. 

Other reports of FFA in V. anthelmintica were as high as 50.2% of the extracted oil, with 

causes attributed to seed variety, handling methods, and time between crushing and oil 

extraction (Krewson, 1968). Free fatty acids develop in seed after crushing through the 

action of strong hydrolytic lipases present in the seed (Krewson et. al. 1962; Carlson et al. 

1981; Ayorinde et al. 1993). Scott et al. (1963) and Krewson and Scott (1964) measured 

FFA values between 0.8 to 50.2% in V. anthelmintica with the variation deemed to be 

dependent on seed accession, method of handling and oil extraction, Carlson et al. 

(1981) suggested that high oil FFA concentrations exist if appropriate precautions are not 

taken during seed processing. Our research (Sieberg, unpublished data, 1995) showed 

that intact seed had FFA levels over 15%, Ayorinde et al, (1988a) detected high levels of 
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FFA in two vernonia accessions and showed that there was a decrease in FFA after seed 

conditioning. Vernonia oil used in research has often been heat and/or pressure treated to 

inactivate seed lipase (Bryant et al, 1993). Several authors have proposed methods of 

seed conditioning to deactivate lipase by pressure-cooking seed or simply steam heating 

seed (by mixing seed with tap water and heating them to 90-100°C for 1 hour) (Ayorinde 

et al., 1990a; Cunningham, 1997). Krewson et al. (1962) reported that whole seed of F. 

anthelmintica, autoclaved for about 35 min at 116°C and 0.689 bar, yielded 1% FFA. 

Carlson et al. (1981) did extensive studies to determine optimal heat/moisture 

treatment to decrease percent FFA in extracted vernonia oil while maintaining oil quality. 

They found that dry heat was not sufficient to inactivate the lipolytic enzyme(s), while 

moist heat greatly reduced lipid hydrolysis after only 20 min. From this work, it was 

suggested that seed be tempered at 95-100°C for 60-90 min with seed moisture at 8% to 

sufficiently inactivate lipase(s). A similar procedure for lipase inactivation was used by 

Ayorinde et al. (1990b) resulting in no detectable FFA. Microwave heating may be more 

successful compared to other methods in lipase inactivation (Mohamed et al., 1995). 

Pilot extraction of oil treated with microwaves resulted in an oil FFA content between 

0.18-0.28% by gas chromatography analysis (Ayorinde et al., 1990a). Seed must be 

conditioned prior to flaking or be heated immediately after flaking to 200°F with 

moisture content of 15% (Ayorinde et al., 1990a). Carlson et al. (1981) found that 

treatment for lipase inactivation did not alter oil viscosity. Vernonia lipase has been 

investigated for hydrolytic and esterification applications in industry (Ayorinde et al., 

1993). One such application is for the preparation of 1,3 divernoloyl glycerol for use in 



30 

making pure trivernolin preparations. In addition, the search is underway for a gene(s) 

affecting the expression of the lipase enzyme (Cunningham, 1997). 

5. Fatty Acid Biosynthesis and Seed Lipase 

Oil crop breeding programs would benefit from an understanding of early seed oil 

development (Schnebly et. al., 1996). As in most seed, deposition of oil occurs in 

vernonia seed endosperm and serves as nourishment for the developing plant. The 

biochemistry and physiology of oil biosynthesis and deposition in seed has been 

described for several plants and has been shown to follow a similar pattern in most 

species studied (Figure 1) (Voelker and Kinney, 2001). It is therefore reasonable to 

assume that this same process occurs in vernonia. Vemonia oil contains the following 

fatty acids; palmitic (16:0) [2-4%], stearic (18:0) [2-3%], oleic (18:1) [4-6%], linoleic 

(18:2) [11-12%], and vernolic (C18:l epoxy) [75-80%] (Ayrorinde et al., 1990a; Barrett 

et al., 1993), with arachidic acid (20:0) present in amounts of <0.5% (Anderson et al., 

1993). 

For seed in general, fatty acid biosynthesis involves a de novo system for the 

production of C16 and CI8 fatty acids in the plastid (Voelker and Kinney, 2001). After 

initial carboxylation of an acyl carrier protein, C2 subunits are continually provided by 

malonyl-acyl carrier protein until. For vernonia, palmitoyl-acyl carrier protein and 

stearoyl-acyl carrier protein are formed (given that approximately 99.5% of vemonia oil 

is C16 and CI8 fatty acids). Most stearoyl-acyl carrier protein is subsequently 

desaturated by a desaturase to form oleoyl-acyl carrier protein (Shanklin and 
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Somerville, 1991). Fatty acid elongation is then terminated by hydrolysis of the newly-

formed fatty acid from acyl carrier protein by acyl-acyl carrier protein thioesterase to 

form free fatty acids, which are then transported out of the plastid to the endoplasmic 

reticulum. The interaction between fatty acid synthesis enzymes, desaturase, and 

thioesterase determines the fatty acid constituents of resulting seed acylglycerides 

(Voelker and Kinney, 2001), which in vernonia are paimitoyl-acy! carrier protein, 

stearoyl-acyl carrier protein, and oleoyl- acyl carrier protein. The exact mechanism of 

transport out of the plastid is unclear (Voelker and Kinney, 2001), however Liu et al. 

(1998) stated that, according to their data, FFA are transported out of the plastid by 

attachment to phosphatidylcholine. As newly formed fatty acids arrive in the cytoplasm, 

they are esterified to coenzyme A and can now serve as components for acylglyceride 

synthesis. Transfer of the acyl chain to glyercol-3-phosphate is initiated by the 

endoplasmic reticulum membrane-bound protein glycerol-3-phosphate acyltransferase 

forming a monoglyceride. Further acyl transfer is completed by lysophosphatidic acid 

acyl transferase, thus forming a diglyceride. Triglyceride synthesis occurs by a number 

of pathways (Voelker and Kinney, 2001). One system involves the enzymatic removal of 

phosphate from the sn-3 position of a diglyceride. Another enzyme then transfers an acyl 

group to the sn-3 position, forming a triglyceride. An alternative system involves the 

formation of phosphatidylcholine from a diglyceride by the transfer of choline to the sn-3 

position of a diglyceride. This phosphatidylcholine is then able to transfer its sn-2 acyl 

chain from phosphatidylcholine to a separate diglyceride, forming a triglyceride 

(Dahlqvist et al., 2000), 
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Bafor et al. (1993) conducted radioactive labeling studies on Euphorbia lagascae, 

a species that like vemonia, produces C18; 1 epoxy in its seed. They proposed a 

biosynthetic pathway for the production of vemoleoyl-triglycerides and stated that only 

fatty acids that are esterified to phosphatidylcholine are desaturated and epoxidized, 

which is consistent with the findings of Shanklin and Somerville (1991). Oleoyl-

phosphatidylcholine ester is desaturated by a desaturase to produce linoleoyl-

phosphatidylcholine, which is subsequently epoxidized at the double bond to produce 

vernoleoyl-phosphatidylcholine. Studies have suggested that a cytochrome P450-type 

enzyme is involved in the formation of the epoxy group of vernolic acid (Bafor et al, 

1993). Vemolic acid is then freed from phosphatidylcholine by phospholipase and is 

thought to be activated by esterification to Co A and processed through the glycerol-3-

phophate pathway into a triglyceride (Bafor et al., 1993). Lui et al. (1998) noted from 

similar radiotracer studies in vernonia that as the oleoyi moiety of phosphatidylcholine 

declined in vernonia seed, the amount of linoleate and vernoleate increased. Though Lui 

et al. (1998) did not conclusively determine that linoleate is the precursor to vernolate, 

their results indicate consistency with previous research on Euphorbia lagascae. Results 

of the study by Bafor et al. (1993) also showed a rapid decrease in oleoyl-

phosphatidylcholine and a corresponding increase in linoleoyl- phosphatidylcholine, 

therefore, oleoyl-phosphatidylcholine is most likely the prime substrate for linoleoyl-

phosphatidylcholine. In addition, they showed that as linoleoly-phosphatidylcholine 

decreased, the amount of vernoleoyl-phosphatidylcholine increased, suggesting that 

linoleoyl-phosphatidylcholine is the precursor of vernoleoyl- phosphatidylcholine. 
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Phospholipase cleaves vernoleoyl-phosphatidylcholine to free CI8:1 epoxy, which is then 

rapidly esterified to coenzyme A for incorporation into triglycerides via the glyceriol~3-

phosphate pathway. Alternatively, plants have evolved a system for epoxidizing fatty 

acids that are not esterified. Although epoxy fatty acids are rarely found in seed (except 

in the Asteraseae family and to a lesser extent the Euphobacieae family), they are 

commonly found in the cutin polymer that surrounds plant shoots (Kolattukudy, 1981). 

The synthesis of this epoxy fatty acid has been demonstrated to occur while the moiety is 

in the free form. 

Liu et al. (1998) studied the synthesis of CI 8:1 epoxy in greenhouse grown 

Vernonia galamensis (22-25°C under 14-h artificially supplemented illumination), which 

had seed that matured 35 days after flowering (DAF). Their research demonstrated that 

by 21 DAF, seed lipid content was just 5%, but then rapidly approached 30% by 28 DAF. 

By 35 DAF, after the seed was desiccated, oil content rose to 34%. They therefore 

concluded that the period between 21 DAF and 28 DAF was important to monitor since 

the majority of oil accumulated during this period in greenhouse-grown plants. 

A study of the development of oil in V. anthelmintica was conducted by Miwa et 

al. (1963). They concluded that for plants grown in a controlled environment, 18--21 

DAF the seed rapidly produced the enzymes necessary for fatty acid synthesis, including 

those necessary for the synthesis of C18:l epoxy. Seed were collected from plants at 3-

day intervals from 12 DAF until 36 DAF, at which time they were deemed mature. Oil 

was evaluated for type of fatty acids in FAA and acylglycerides. Their work showed 

CI 8:1 epoxy synthesis to proceed from the dehydration of free (+) threo-12,13 -dihyroxy-
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da'-9-octadecenoic acid. This fatty acid was measured in seed during the course of the 

measurement period but was not found in mature K anthelmintica seed. More 

contemporary research on vernonia oil did not mention this fatty acid substrate (Liu et al., 

1998), although (+) i('/ireo-12,13-dihyroxy-c/5-9-octadecenoic acid was mentioned in 

previous research (Bharucha and Gunstone, 1956). Miwa et al. (1963) also found that as 

the amount of seed CI 8:1 epoxy increased, the weight of CI 8:2 remained relatively 

steady while the weight of CI 8:1 decreased, and it was suggested that the decrease in 

CI 8:1 represented a conversion of this fatty acid to another component. A biosynthetic 

pathway for fatty acid synthesis in V. anthelmintica was proposed: free C18:l is 

converted to both free C18:2 and free C18:1:2-0H, which is then dehydrated to free 

CI8:1 epoxy. Free CI8:1 epoxy is later esterified to glycerol. 

Consistent with the data showing that CI8:1 epoxy is the most prominent fatty 

acid, trivernolin is reported to be the most predominant triglyceride in vernonia oil with 

values measuring a high as 59.2% (Carlson and Chang, 1985). Anderson et al. (1993) 

reported trivernolin levels of 52%, and lower percentages of other triglycerides in 

vernonia oil. Since C18:1 epoxy percentages are over 50%, only 9% of triglycerides are 

reported to not contain this fatty acid (Ncube et a!., 1998). The amount of each 

constituent fatty acid is reported to be dependent on the interaction of fatty acid synthesis 

enzymes, desaturase, and acyl-acyl carrier protein thioesterase. 
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6. Estimating Heritability 

Historically, plant breeding was conducted as a way of increasing productive 

yields of crops. Vavilov (1935) and Frankel (1947) enumerated fours phases of plant 

breeding: (1) collect and classify the species; (2) investigate and explain the reproductive 

biology of the species; (3) determine the available variation and the heritability of traits 

of interest; (4) use the information learned to select for desired traits in improving the 

species. Mayo (1980) suggests that defining an ideotype for the species before the start 

of a breeding program would be beneficial in directing the course of the program. 

Variation in a population, expressed as variance, is the basis for the study of 

quantitative traits and for calculating heritability estimates (Falconer and Mackay, 1996). 

The partitioning of variation allows for the determination of components that contribute 

to a particular trait. By formulating heritability estimates, the resemblance between 

relatives is quantified along with the potential response to selection. Variance 

components are expressed as deviations from a population mean for a particular trait. 

The ratio of additive variance (VA) to phenotypic variance (Vp ), or VA/VP, is an estimate 

of narrow sense heritability (heritability or h\ or the degree of total variance that is 

determined by additive alleles in the population, therefore, 

va/vp 

can be used to estimate the response of a population to selection. 
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To determine additive variance and estimate heritability, it is necessary to group 

individual plants into units, such as half-sib families, so observed components of variance 

can be partitioned by an analysis of variance (ANOVA). Since vernonia is a highly out

crossing species, individual plants are grouped into half-sib families, which are made up 

of individuals that share one parent, and the between group (family) and within group 

(block or replication) variance components can be identified. These components can then 

be expressed as a proportion of total variance by the use of the interclass correlation 

coefficient (tf) (McLaughlin, 1986); 

(p' F+ + (f 

where <t^f = family variance component, = block variance component, and <7^ = error 

variance component. Using tj, the heritability for half-sib families is calculated as: 

h ^ =  4 t f  

meaning that half of the breeding value of the common parent, or one quarter of the 

additive variance, is used to determine heritability. 

Response to selection (r) can be predicted based on heritability estimates 

(Falconer and Mackay, 1996). By calculating the selection differential (5), which is the 
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difference between the mean value for the trait of those individuals selected and the mean 

of all measured individuals, response to selection can be predicted by the equation: 

r  =  h ^ s  

This holds true as long as individuals are selected only on the basis of their value for the 

specific trait. Predicted response to selection is useful for only one round of selection. 

For the next generation, allele frequencies will have changed, and heritability and 

response to selection will change. In addition, for each generation of selection, 

heritability will decrease, again as allele frequencies change. 
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CHAPTER 2 

Separation of mono-, di-, and triglycerides from free fatty acids in small seed 

samples of Vernonia galamensis using solid phase extraction 

1. Introduction 

Vernonia galamensis (vernonia) is a rich source of a naturally produced epoxy 

fatty acid, vernolic acid (cm-12, 13-epoxy-cw-9-octadecenoic acid). Native to west 

Africa, vernonia may contain up to 40% oil in its achene fruits (hereafter referred to as 

seed), with up to 80% of the oil as vernolic acid in some accessions (Carlson et a)., 1981; 

Perdue et al., 1986; Ayorinde et al., 1988a). 

The oil can form interpenetrating polymer networks (IPNs) making it especially 

good as a reactive diluent for coatings applications (Barrett et. al., 1993). Because the 

epoxy moiety is highly reactive, vernonia oil has many potential applications (Trumbo et 

al., 1999), including use as plasticizers, additives in polyvinylchloride resins and as a 

drying agent in paint to decrease volatile organic compounds (Carlson and Chang, 1985; 

Dirlikov et al., 1990; Anon., 1991; Cunningham, 1997). 

Epoxy oil is currently chemically manufactured from soybean and linseed oil. 

This production occurs at substantial expense with annual production of 100 to 150 

million pounds at a cost of $100 million (Cunningham, 1997). Vernonia oil is chemically 

different from these manufactured epoxy oils and is superior in quality, primarily due to 

its lower viscosity and lower melting point (Siddiqi et al., 1984; Dirlikov et al., 1990; 

Barrett et al., 1993). 
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High levels of free fatty acids (FFA) in vernonia oil are a recognized problem 

(Carlson et al, 1981). Polymerization capacity and storage potential are limited in oils 

that have high FFA (Formo et al., 1979). Carlson et al. (1981) attribute high FFA in 

vernonia oil to seed lipase(s) that hydrolyzes oil after seed are crushed and suggests that 

this condition exists if proper precautions are not taken during seed processing. Scott et 

al. (1963) and Krewson and Scott (1964) measured FFA values in Vernonia 

anthelmintica, a close relative of V. galamensis, and found amounts ranging from 0.8 to 

50.2 % with the variation dependent on seed accession, method of handling and oil 

extraction. Ayorinde et al. (1988a) detected high levels of FFA in two V. galamensis 

accessions and showed a decrease in FFA after seed conditioning. Several authors have 

proposed that seed conditioning deactivates lipase, and suggest pressure cooking seed or 

simply heating seed (Ayorinde et al, 1990a; Cunningham, 1997). More recent research 

has found over 15% FFA in seed oil of intact V. galamensis seed (Sieberg, unpublished 

data, 1995), indicating that lipase inactivation through seed conditioning may not 

alleviate the problem of high FFA in oil. Similar findings were noted by Ncube et al. 

(1995) who reported lipase activity in undisturbed vernonia seed. Additionally, 

researchers are searching for the gene(s) responsible for the lipase enzyme(s) to 

potentially address the problem of high oil FFA using molecular genetics (Cunningham, 

1997). 

The method traditionally used for FFA quantification by the American Oil 

Chemists Society (AOCS) quantifies FFA by titration and does not allow for concurrent 

analysis of acylglyceride composition from the same seed sample or from small seed 
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samples (AOCS, 1987). A modified method for FFA determination was reported 

measuring FFA in 0.3 and 6.0 g oil samples (Rukunudin et al., 1998). Ayorinde et al. 

(1988a) described a method to evaluate FFA and oil constituent fatty acids separately 

from the same small oil sample using diazomethane to methylate FFA for gas 

chromatography (GC) analysis. 

Two goals of a breeding program for the domestication of vemonia are to 

describe the heritability of FFA content in vernonia oil and to follow the development of 

FFA content and acylglycerides and their constituents in maturing seed. Additionally, the 

heritabilities of acylglyceride constituent fatty acids, particularly vemolic acid, and total 

oil are of great interest for improvement of the plant. To accomplish these goals, a 

procedure is needed whereby FFA, acylglycerides, and total seed oil can be identified and 

quantified from a small seed sample (approximately 135 mg). The use of small seed 

samples would allow for conservation of seed in addition to enabling the analysis of a 

single vernonia capitulum. 

2. Materials and Methods 

Since FFA and acylglycerides differ in functional groups, they can be separated 

on a single column by choosing the appropriate soitent, correct elution solvents, and an 

optimized extraction procedure. Seed used for procedure development was accession 399 

and was obtained from the USDA-ARS Water Conservation Laboratory in Phoenix, AZ. 

Each experiment was performed in triplicate except where noted. Solid phase extraction 

columns used are commercially available (Argonaut, Foster City, CA). Columns were 
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loaded by gravity at a relatively slow flow rate of approximately 3 mL/minute to ensure 

that the analytes were retained in a narrow band at the top of the column, rather than 

being dispersed down through the column in a broad band, thereby eliminating the 

potential of analyte breakthrough. Glass vials with Teflon -coated caps were used as 

sample containers as well as for the collection of extraction solvent. Solvents, FFA, and 

acylglyceride samples were supplied by Sigma (St. Louis, MO). Statistical analysis for 

mean separation was done using least significant difference (LSD). 

2.1 Vernonia oil extract preparation 

Vernonia seed extracts were prepared after hand removal of the seed pappi prior 

to analysis. Since mature capitula contain approximately 50 to 150 seed, with those from 

mature capitula weighing 100 to 150 grams, the procedure was designed to analyze about 

130 mg of seed. 

Approximately 130 mg of seed were placed in one-dram vials with 1 mL hexane. 

Seed was then crushed with a small steel rod. To determine the crushing time necessary 

to obtain optimum oil extraction from residue, seed was crushed with a steel rod for 30, 

60, 90, and 180 seconds in the extraction solvent. The extract was then decanted into 

another vial. To each vial containing the remaining vernonia seed residue, 1 mL of fresh 

hexane was added and the vial was shaken for 1 min. The presence of oil in the crushed 

seed residue was identified through analysis of this hexane extract using thin layer 

chromatography (TLC). Approximately 1 ^L of the extract from the seed residue was 

loaded onto a silica TLC plate. Samples were developed in a 70:30 hexane: ether mixture 
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until there was adequate separation of oil constituents (Sieberg, unpublished data, 1995). 

It was determined that crushing seed for more than 60 seconds did not measurably 

improve extraction (as determined by the amount of oil/FFA visually detected on the 

TLC plate), though even with more than 60 seconds of crushing, there remained an 

unacceptable amount of FFA/oil in the residue. For this reason, after seed was crushed 

for 1 min, the vials were placed on a shaker table for 2, 4,6, and 12 hours. The seed 

residue for each treatment was again tested by TLC using the same procedure. Thin layer 

chromatography demonstrated that for all agitation times tested, there still remained trace 

amounts of oil in the seed residue of the original vial, though the vials that were on the 

shaker table for 12 hours showed the least amount of oil remaining. 

The following procedure, therefore, was adopted for individual inflorescence oil 

extraction. Approximately 130 mg of seed were placed in a 1 dram vial. Seed was 

crushed in 1 mL hexane with a steel rod for 60 seconds, and the rod was rinsed with 500 

|iL of hexane. The vials were placed on a shaker table for 12 hours. The hexane extract 

was decanted to another vial and the seed residue rinsed with 750 |liL hexane three times. 

Each 750 ij.L rinse of hexane was added to the extract, and the vial was shaken for a few 

seconds. Thin layer chromatography revealed no visible trace of oil in the seed residue 

following this procedure. Seed residue was allowed to settle after being removed from 

the shaker table and after each subsequent hexane rinse. There remained scant amounts 

of seed residue in the extract even after careful decantation. This was filtered out during 

loading onto SPE columns. 
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2.2 Solid phase extraction column preparation and loading 

Solid phase extraction columns were suspended from a stainless steel rack with 

indentations bored into the base to securely hold elution vials. A 13 mm-0.45 |im HAWP 

nitrocellulose filter (Millipore Corp., Billerica, MA) was placed over the frit of each SPE 

column to remove any remaining suspended solids from the hexane extract. This 

prevented solids from plugging the frit during the loading and elution steps. When 3 mL 

rather than 6 mL columns were used (with a correspondingly smaller diameter), the filters 

were cut to fit. Columns were conditioned with hexane to solvate the sorbent (1.5 miL for 

500 mg sorbent-6 mL columns, 600 \xl for 200 mg sorbent-3 mL columns, and 300 }iL 

for 100 mg sorbent-3 mL columns) and prevented from drying prior to loading of 

samples. This hexane was discarded. After the samples were loaded onto columns, the 

analytes of interest (FFA and acylglycerides) were retained on the sorbent bed. The 

columns were then rinsed with hexane (1.5 mL for 500 rag columns, 600 jjL for 200 mg 

columns, and 300 |iL for 100 mg columns) to remove nonpolar interferences. This 

hexane was discarded. Millipore filters were removed from the SPE columns before 

elution of analytes began, and tested for the presence of analytes. None were found. 

2.3 Selection of acylglyceride elution solvent 

Previous research reported the use of a 2; 1 mixture of chloroform 

(chl)/isopropanol (IP A) for elution of the acylglyceride fraction from aminopropyl (jNH2) 

columns (Kaluzny et al., 1985; Vaghela and Kiiara, 1995). Elution volumes of 18 mL 

were used with 2 g columns and 4 mL with 500 mg columns. These methods were 
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modified in this study to minimize the amount of solvent used, allowing for a shorter time 

requirement for the concentration step after the elution, while still achieving satisfactory 

recovery of analytes. Since monoglycerides are more polar than either di- or tri

glycerides, it was necessary to be certain that they did not remain on the column and 

inadvertently elute with FFA during the second elution step. 

To achieve satisfactory separation of monoglycerides jfrom FFA, chl: IPA was 

tested as an elution solvent on a standard sample to determine if the monoglycerides 

eluted along with the acylglyceride fraction or with the FFA fraction. Two analyte 

standard solutions were prepared to test the acylglyceride elution system. First, a 

solution of 5 mg/mL of the triglyceride triolein was prepared. Three ml of this solution 

were loaded onto 15 conditioned 6 mL, 500 mg NH2 SPE columns (15 mg 

triolein/column). A second standard sample was prepared as follows: 10 mg/mL triolein, 

2 mg/mL distearin, and 1 mg/mL monolinolein. NH2 columns (6 mL-500 mg sorbent) 

were conditioned, and 3 mL of this standard solution was loaded onto each, yielding a 

total of 39 mg acylglycerides/column. These concentrations are similar to those expected 

in 135 mg of the vernonia seed used in this study (39 mg oil, about 30% oil). Because 

eluted samples were blown to dryness, it was desirable to use the minimum amount of 

elution solvent that would still give a satisfactory elution of analytes. Several elution 

volumes (less than the previously reported 4 mL) were tested (Sieberg, unpublished data, 

1995) in order to optimize elution volumes. It was determined that quantitative elution of 

acylglycerides could be achieved using 2x1.5 mL volumes of 2:1 chl/BPA, including a 3-

minute soak step with the first elution. 
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2.4 Selection of FFA elution solvent system 

Several solvent systems for the elution of FFA were tested (Table 1), including 

some used in previous research (Kaluzny et al., 1985 and Vaghela and Kilara, 1995), as 

well as various combinations of diethyl ether, IP A, methanol, trifluoroacetic acid (TFA), 

acetic acid and acetone. To test our solvent for analyte recovery, each conditioned 6 mL, 

500 mg NH2 SPE column was loaded with 3 mL of a standard solution containing 5 

mg/mL triolein and 0.50 mg/mL linoleic acid solution. The acylglyceride fraction was 

eJuted as previously described, followed by the elution of FFA. As with the elution of 

acylglycerides, it was desired to use a minimal amount of elution solvent, to minimize the 

time and resources needed to dry the samples after elution. After trials using several 

solvent volumes, it was decided that all elution solvents should be tested using 2 x 1.5 

mL volumes including a 3 minutes soak step with the first elution. Free fatty acids were 

quantified by spectrophotometry. 

2.5 Sorbent selection 

Silica (SI) and NH2 columns are used in similar applications, as they are both 

polar sorbents. It was decided to determine if results could be further optimized with 

respect to maximizing the recovery of analytes as well as minimizing the elution of 

interferences by using silica rather than NH2 as the sorbent. Equal amounts of vernonia 

oil extract (3 mL of approximately 13 mg/mL of oil) were loaded onto conditioned 6 mL, 

500 mg NH2 and SI SPE columns. Acylglycerides were eluted with the elution solvent 

that was shown to be the most effective (2 x 1.5 mL elutions of 2;1 chl/lPA, including a 3 



Table 1. Solvent systems tested for elution of free fatty 
acids from aminopropyl solid phase extraction columns. 

Methanol 

Acetone 

Acetone 2% trifluoroacetic acid (TFA) 

Diethyl ether 2% TFA 

Methanol 4% TFA 

Acetone 4% TFA 

Diethyl ether 4% TFA 

Diethyl ether 4% acetic acid 

Isopropanol 4% TFA 
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minute soak step with the first elution). Free fatty acids were eluted with 2 x 1.5 mL 

volumes of 96:4 acetone/TFA including a 3 minute soak step with the first elution. 

2.6 Optimizing bedsize for acylglycerides 

Bedsizes were evaluated to determine the minimum amount of sorbent that would 

retain the analytes of interest (approximately 40 mg vemonia oil) without analyte 

breakthrough. Reduced bedsize allows the use of minimum solvent volumes. Solid phase 

extraction columns containing 500 mg, 200 mg, and 100 mg of NH2 sorbent were tested. 

The 100 mg sorbent beds were in 3 mL columns. All other columns were 6 mL. These 

columns were stacked on top of a second NH2 SPE column. In this manner, any analytes 

that might breakthrough the top column due to insufficient bedsize would be retained on 

the second column. Equal amounts of bulk extract (3,75 mL of approximately 10.5 

mg/mL oil) were loaded onto the top of each of the stacked columns. The columns were 

then separated. The bottom columns were eluted to test for breakthrough, and the top 

columns were eluted to verify that all of the analyte was recovered. The elution was 

performed using 2:1 chl/IPA (2-1.5 mL volumes including a 3 min soak step with the first 

elution). 

2.7 Verifying Separation of acylglycerides from FFA 

To test the effectiveness of the separation of FFA from acylglycerides, a standard 

was prepared having a final concentration of 9 mg/mL trilinolein, 2 mg/mL distearin, 1 

mg/mL monoolein, and 1 mg/mL palmitic acid. Three mL of this solution was loaded 
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onto conditioned 6 mL, 500 mg NH2 SPE columns resulting in a loading of 36 mg of 

acylglycerides and 3 mg FFA onto each column. Six replicates were prepared of each 

sample. Acylglycerides were eluted with 2x1.5 mL volumes of 2; 1 chl/IPA (including a 

3 min soak step with the first elution). Free fatty acids were eluted with 2 x 1.5 mL 

volumes of 96: 4 acetone: TFA (including a 3 minutes soak step with the first elution). 

The acylglyceride fraction was analyzed Three of the replicates of the FFA fraction 

were methylated using Methyl-8 Reagent (Pierce Biotech, Rockford, IL) and analyzed by 

GC so that each type of fatty acid could be identified and quantified. To verify that no 

acylglycerides were eluted in the FFA fraction, the three remaining FFA fractions were 

analyzed using the acylglyceride procedure. 

2.8 Quantification of FFA and acylglycerides and identification of acylglyceride fatty 

acid constituents 

To analyze FFA and acylglyceride fractions, eluted samples were concentrated to 

dryness with a stream of ultra-pure nitrogen gas in a 35 °C sand bath. It had been 

previously determined that anai5rt;es were not volatile, and could be blown to dryness 

without losses (Sieberg, unpublished data, 1995). For some analyses, the FFA fraction 

was quantified using a procedure reported by Lowry and Tinsley (1976), except that in 

this study, FFA were reconstituted in 5 mL toluene instead of benzene. An aqueous 

solution of cupric acetate (1 ml of a 5% cupric acetate adjusted to pH 6 with pyridine) 

was added to the FFA:toluene solution. The vial containing this mixture was manually 

shaken for two minutes and then centrifuged at 3500 rpm for 5 minutes. 
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Spectrophotometric analysis of the organic layer was done at 715 nm. This analysis 

quantified the total amount of FFA in the sample (individual FFA were not identified 

with this analysis). Some of the later experiments were designed to identify types of 

FFA. For these experiments, FFA were methylated using Methyl-8 Reagent (Pierce 

Biotech, Rockford, DL) and analyzed by GC [Stabliwax column (Restek Corporation, 

State College, PA) 30 m 0.25 mm ID.; 210°C 5 min lOT/min to 240^ 8 min]. An 

internal standard (myristic acid methyl ester) was added to each sample. 

The acylglyceride fraction for each sample was transesterified using a method 

from the USDA-ARS, New Crops Research Group in Peoria, 111 (R. Kleiman, personal 

communication, 1993). Fatty acids of the constituent acylglyceride fraction (mono-, di-, 

and tri-glycerides) were methylated by transesterification using a 0.5% solution of 

sodium methoxide. One mL of this solution was added to each vial containing the 

concentrated acylglyceride fraction and the vial was shaken vigorously for 60 seconds. 

The mixture was allowed to stand for 10 minutes, and was then extracted three times with 

1 mL hexane. The hexane extract, which contained the fatty acid methyl esters, was 

retained in a separate vial. An internal standard (myristic acid methyl ester) was added to 

each hexane extract sample. Fatty acid methyl esters were quantified by GC analysis 

(Stabliwax column 30 m 0.25 mm I.D.; 210°C 5 min 10°C/min to 240°C 8 min). 
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3. Results and Discussion 

5.1 Vernonia oil extract preparation 

For individual seed sample analyses, it was determined that the tested procedure 

resulted in satisfactory extraction of vernonia oil leaving no visible oil in the seed 

residue. This procedure resulted in a final extraction volume of 3.75 mL. It was desired 

to keep this volume to a minimum, since the extract was loaded onto the sorbent bed 

under gravity, and larger volumes would require greater load times. The seed extract 

contained less than 40 mg oil/ 3.75 mL. (Our seed samples did not exceed 35% oil by 

weight.) Even though the extract was carefully decanted from the vials (after the seed 

residue was allowed to settle), there was still a small amount of silt remaining in the 

extract. 

3.2 Solid Phase Extraction Column Preparation 

Solid phase extraction columns were conditioned with hexane and not allowed to 

diy before oil extract was loaded onto the column. Conditioning columns with three 

times the sorbent volume were sufficient, although less than that previously reported 

(Prieto et al, 1992). Silt that remained in the extract was retained on the Millipore filter. 

Used fdters showed no detectable concentrations of analytes when extracted and 

analyzed by TLC. By removing the remaining silt, the amount of time required for 

extraction solvents by gravity flow through the column was reduced. Rinsing the 

columns with hexane after the extract had passed through the column served to remove 
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nonpolar interferences, while our analytes of interest continued to be retained on the 

column. 

3.3 Selection of acyiglyceride elution solvent system 

The chl; EPA solvent system had been previously tested by other researchers and 

determined to be successful in elution of acylglycerides. Our goal was to determine if we 

could decrease the volume of elution solvent used while maintaining satisfactory 

recovery of analytes. Elution of 15 mg triolein using 6 mL, 500 mg NH2 SPE columns 

with 2:1 chl/IPA (2-1.5 mL volumes) resulted in a 93.7% recovery (14.05 ± 0.83 mg). 

The authors considered recovery of acylglycerides and FFA to be satisfactory if > 90% of 

the analyte was recovered. When the prepared mixture of mono-, di-, and tri-glycerides 

was eluted from the SPE column using the same elution system, recovery was > 90% for 

acyiglyceride components and 93.3% total recovery (Table 2). It was important to elute 

monolinolein using this solvent system, so that this compound would be included in the 

acyiglyceride fraction rather than the FFA fraction. The possibility that this would be a 

challenge was considered, since monoglycerides are quite polar (owing to two hydroxyl 

groups), and this would increase the probability that they would be retained on a polar 

sorbent such as NH2 or SI, along with the FFA. Though non-triglycerides in vernonia oil 

have been shown to be a small percentage of total acylglycerides in mature vernonia seed 

(Carlson and Chang, 1985), it was still desired that they be included in the acyiglyceride 

fraction for this study. 



Table 2. Elution of a standard sample of acylglycerides from a 6 mL 500 mg aminopropy! solid phase 
extraction column using 2:1 chloroform/i sopropyl (2-1.5 mL volumes with 3 min soak accompanying 
the first elution) solvent system for vemonia oil. 

Standard Sample 
Composition 

Amount 
loaded 
(mg) 

Constituent 
fatty acid ® 

Average 
amount eluted 
(mg)" 

Percent 
recovery 

Triolein 30 Oleic acid 28.2 ±0.8 94.0 

Distearin 6 Stearic acid 5.5 ±0.3 91.7 

Monolinolein 3 Linoleic acid 2,7 ±0.2 90.0 

Total 39 36.4 ±0.8 93.3 

^After acylglycerides have been transesterified. 
^Report values are means ± standard deviations. 
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3.4 Selection of free fatty acid elution solvent system 

Columns were loaded with a standard solution of triolein and linoleic acid. 

Triolein was eluted from the column first, using the chl;lPA solvent. Since this solvent is 

only slightly polar and could not interrupt ion exchange retention mechanisms, the FFA 

was retained on the NH2 column. To elute the FFA, a solvent that is capable of 

disrupting ion exchange interactions is required. This is supported by the results (Table 

3), since eluting with a polar solvent was inadequate for quantitative recovery of the FFA. 

When the elution solvent was acidified, the recovery improved dramatically, verifying 

that some retention was due to ion exchange mechanisms. For example, the recovery 

using acetone for the elution was 0.0%, whereas complete recovery was achieved with 

the addition of 4% TFA. In fact, quantitative recovery was obtained for all acidified 

solvents containing 4% acid, with the exception of methanol/TFA. This could generally 

be predicted, since methanol is a poor solvent for long chain hydrocarbons. 

When matrix samples were eluted, extractions with acetone/TFA yielded cleaner 

extracts than the diethyl ether/TFA extracts, therefore the acetone/TFA solvent was 

preferred. No significant difference was observed between the recoveries for the 4% 

TFA solution in acetone, diethyl ether, and IP A, or IP A with 4% acetic acid. 

Trifluoroacetic acid was preferred as a co-solvent over acetic acid due to its greater 

volatility, thus making it easier to blow down during the concentration step. Since 

acetone and diethyl ether are more volatile than IP A, these acidified solvents were shown 

to be the most useful for free fatty acid elution with respect to ease of concentration. On 
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Table 3. Selection of a free fatty acid elution solvent system for vemonia oil by elution 
of a standard sample containing 5 mg/mL triolein and 0.50 mg/mL linoleic acid (3 mL 
standard sample loaded onto column"). 

Elution Total linoleic % recovery of 

solvents acid recovered" 1.50 mg loaded 

Methanol 0.0 ± 0.0^' 0.0 d"-" 

Acetone 0.0 ±0.0 0.0 d 

Acetone 2% TFA*^ 1,22 ±0.31 81.3 be 

Diethyl ether 2% TFA 1.29 ±0.33 86.0 b 

Methanol 4% TFA 1.09 ±0.20 76.7 c 

Acetone 4% TFA 1.55 ±0.09 103.0 a 

Diethyl ether 4% TFA 1.52 ±0.05 101,3 a 

Diethyl ether 4% acetic acid 1.47±0.15 98.0 a 

Isopropanol 4% TFA 1.48 ±0.06 98,7 a 

®Only free fatty acids are reported. 
''Report values are means ± standard deviations. 
"^^ilean followed by the same letter were not significantly different according 
to LSD test P=0.05. 
''TFA = trifluoroacetic acid. 
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the basis of extract cleanliness and ease of concentration, 96:4 acetone/TFA was selected 

as the elution solvent for FFA. 

3.5 Sorbent selection 

The recovery of acylglycerides was not significantly different between the Nf-12 

and SI sorbents, however, none of the FFA were recovered from the silica column using 

96: 4 acetone/TFA (Table 4). It is suspected that the FFA were eluted during the initial 

column extraction into the acylglyceride fraction, in which case they would not be 

detected. This would be consistent with our understanding that the FFA were retained 

through ion exchange on the amino sites of the NH2 column, where as there would be no 

opportunity for retention by such a mechanism on a silica column. When 39 mg of 

vernonia oil were loaded onto each column, 93.4% recovery of the total oil was achieved 

with the NH2 column versus only 86.4% recovery from SI (Table 4). 

3.6 Optimizing bedsize 

The 200 mg and 100 mg sorbent beds were not sufficient to retain the analytes 

loaded onto the columns as shown by the breakthrough studies of analytes onto their 

respective lower columns (Table 5). The breakthrough of analytes using the 200 mg 

column was minimal, and the 500 mg columns had no detectable breakthrough. 



Table 4. Comparison of two sorbents for separating acylglyceride 
and free fatty acid fractions in extracts of vemonia oil with 
approximately 39 mg oil loaded onto each column. 

Sorbent 
Silica (SI) Aminopropyl (NH2) 

Acylglycerides (mg) 33.7010.69" 34.90 ±0.72 

Free fatty acids (mg) 0 ± 0.00 1.53 ±0.30 

Total 33.70 (86.4)'' 36.43 (93.4) 

"^Reported values are means + standard deviation. 
''Values in parenthesis are the percent recovery of total oil. 



Tables. Testing for optimum bedsize. Mean anaiyte breakthrough 
after loading representative quantity of vernonia oil extract onto 
different bedsizes with approximately 39 mg total oil loaded onto 
each column. 

Amount sorbent Acylglyceride FFA 

(mg) per column (mg) (mg) 

500 Top 35.8 ± 1.06" 1.87 ±0.49 

500 Bottom 0.0 ±0.0 0.0 ±0.0 

200 Top 32.6+1.27 1.97 + 0.52 

200 Bottom 2.3 ±0.36 0.0 ±0.0 

100 Top 20.9 ± 1.36 1.28 ±0.29 

100 Bottom 13.8 ± 1.17 0.74 ±0.12 

^Reported values are means ± standard deviations. 
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3.7 Verifying Separation of acylglycerides from FFA 

Acylglycerides and FFA were successfully separated with quantitative recovery 

of both fractions using NH2 SPE columns. The only fatty acid present in the FFA 

fraction was palmitic acid (Table 6). As mentioned in Section 3.3 of this chapter, this 

was a concern in developing the procedure, since monoglycerides are fairly polar 

compared to tri- and di-glycerides. It is significant that no products from 

transesterification of the acylglycerides (namely, linoleic acid and stearic acid) were 

detected in the FFA fraction, indicating that no elution of di- or tri- glycerides occurred 

during the elution of FFA, and demonstrating that the differences in the functional groups 

of these compounds could be exploited. 

3.8 Analysis of acylgiyceride and FFA fractions 

The acylgiyceride fraction, representing approximately 95% of the total seed oil, 

was analyzed by GC, allowing the identification of constituent fatty acids. The samples 

analyzed for this study rarely had FFA levels greater than 5% of total seed oil. We 

decided, therefore, that the quantification of the FFA fraction as a whole, rather than 

identifying and quantifying individual FFA compounds, would be sufficient. Methyl-8 

reagent, used only to assist in the development of the procedure, seems to have 

effectively methylated FFA, as illustrated by the results of recovery percentages in 

confirming the separation of acylglycerides from FFA (Table 6). 
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Table 6. Quantification of free fatty acids and quantification and identification of 
constituent fatty acids from the elution of an acylglyceride and free fatty acid sample 
of vernonia oil from 6 mL aminopropyl (500 mg) solid phase extraction columns. 

Analyte loaded Amount of analyte Analytes detected Percent 

onto column loaded onto column recovered recovered 

(mg) 

Acylglyceride Acylglyceride 

constituent fatty acids 

Trilinolein 27.0 Linoleic acid® 92.7' 

Distearin 6.0 Stearic acid ̂  93.8 

Monoolein 3.0 Oleic acid ̂  92.3 

FFA FFA^ 

Palmitic acid 3.0 Palmitic acid 93.3 

FFA FFA"'' 

Monoolein 3.0 Oleic acid 0.0 

^Constituent fatty acids after transesterification. 
''Analyzed with MethyI-8; analyzed by gas chromatography (GC). 
'^Transesterified; analyzed by gc. 
'^Recovered values are means of 6 replications. 
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4. Conclusions 

With this procedure, we were able to perform a quantitative separation of 

acylgiycerides from FFA in a vernonia oil extract. Based on TLC analysis, the complete 

extraction of oil from single vemonia inflorescences was achieved, while keeping the 

volume of extraction solvent to a minimum. Based on recovery results, the proposed 

regime for sample preparation was appropriate. Good separation and clear fractions were 

achieved using 6 mL, 500 mg NH2 SPE columns and eluting with 2x1.5 mL volumes, 

including a 3-minutes soak step with the first elution for both fractions. The 

acylglyceride fraction and the FFA fraction were successfully eluted using 2:1 chi/BPA 

and 96:4 acetone/TFA, respectively. A summary of the procedure is as follows: 

Initial Extraction of Oil from Seed 

1. Place approximately 130 mg of seed, weighed to the nearest 0.1 mg, in a 1 dram 

vial. 

2. Add 1 mL hexane and crush for 60 seconds with a steel rod. 

3. Rinse rod into vial using 500 |iiL of hexane. 

4. Agitate vial for 12 hours. 

5. Allow sediment to settle for 5 minutes. 

6. Decant extract into a 1 dram vial. 

7. Rinse residue 3 times with 750 volumes of hexane, allowing sediment to settle 

and decani into second vial. 
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Sample Preparation of Oil Extract 

1. Place Millipore filter over frit of 6 mL 500 mg NH2 SPE column. 

2. Condition column with 1.5 mL of hexane at 1 mL per minute. 

3. Load sample onto column at 3 mL per minute 

4. Rinse column with 1.5 mL hexane at 3 mL per minute 

5. Add 1.5 mL of 2:1 chlilPA to the column and allow column to soak for 3 min; 

collect elution solvent into a 9 mL vial. 

6. Add second volume of 1.5 mL 2; 1 chl:lPA to the column and combine with first 

elution volume. This extract contains the acylglyceride fraction. 

7. Add a mixture of 1.5 mL of 96:4 acetone:TFA to the column and allow column to 

soak for 3 min; collect elution solvent into a 9 mL vial. 

8. Add second volume of 1.5 mL 96:4 acetone:TFA mixture to the column and 

combine with first elution volume. This extract contains the FFA fraction. 

9. Concentrate each of the vials to dryness under a gentle stream of nitrogen held at 

35 C. 

10. Reconstitute the acylglyceride fraction in 1 mL sodium methoxide (0.5%) and 

shake for 1 min. Reconstitute the FFA fraction in 5 mL toluene. 

Analysis of A cylglycerides 

1. Extract the sodium methoxide solution with 3 volumes of 1 mL hexane and 

collect in a 1 dram vial. 

2. Spike each vial with 15 mg myristic acid methyl ester and transfer a portion of the 

solution to a GC vial for subsequent analysis. 
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Analysis of FFA 

1. To each of the samples reconstituted in toluene, add 1 mL of a 5% cupric acetate 

solution with pH adjusted to 6 with pyridine. 

2. Shake for 5 minutes and centrifuge at 3500 rpm for 5 minutes. 

3. Transfer approximately 1 ml of the organic layer into a cuvette and analyze at 715 

nm versus a calibration curve developed based on a representative mixture of 

FFA. 

It was possible to decrease the amount of solvent used to elute acylglycerides [versus that 

used in literature (Kaluzny et al., 1985)] while maintaining good recovery. In addition, it 

was found that a mixture of 96:4 acetone/TFA was a good choice for the FFA eiution 

solvent, since it yielded satisfactory recoveries with visibly clearer fractions versus others 

that were tested. Additional elutions and increased eiution volumes did not improve the 

recoveries of acylglycerides or FFA from the columns. It was determined that by 

inserting a 3-minute soak between elutions, volumes could be decreased. This allowed 

for conservation of eiution solvent and a reduction in the time necessary to dry each 

fraction after eiution. Experiments allowed the identification of the smallest bedsize that 

afforded reliable analyte separation without breakthrough of compounds of interest. This 

decreases costs by minimizing the required amount of eiution solvent and sorbent, and as 

stated earlier, reduced eiution volumes that resulted in reduced times for concentration of 

analytes. With our representative sample of vernonia oil extract, only the 500 mg column 

prevented analyte breakthrough. Using this procedure, we are able to separate and 
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quantify FFA from acylgiycerides in oil samples as small as 35 mg, extracted from seed 

samples of approximately 130 mg. 
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CHAPTER 3 

Acylglyceride Constituent Fatty Add Composition and Free Fatty Acid 

Content of Maturing Vernonia galamensis Seed 

1. Introduction 

Vernonia galamensis (Cass.) Less, (vernonia) is potentially a new oilseed crop. 

Veraonia has been successfully cultivated in Africa (Ayorinde et al, 1990b, Anon., 1991) 

and grown on test plots throughout the United States with varying success (Thompson et 

al, 1994a). The ability to grow vernonia in the US was made possible by the 

introduction of day neutrality from var. petitiana to var. ethiopica, a plant with desirable 

agronomic traits and high quality and quantity of oil, yet requiring short days to flower. 

If vernonia is successfully domesticated, farmers will have an alternative cash crop in the 

face of growing uncertainty in the agricultural industry (Mohamed et al, 1999), 

especially since vernonia produces unique oils whose supply is currently provided 

primarily by importing epoxidized soybean and linseed oils (Perdue et al, 1986; 

Cunningham, 1987; Perdue et al, 1989; Thompson et al, 1994a; b; c). 

Vernonia holds great interest to industry due to its production of an epoxy fatty 

acid, vernolic acid {cisAl, 13-epoxy-cw-octadecenoic acid), or C18;l epoxy. Although 

there are other oilseeds that produce vemolic acid, none show more promise than 

vernonia for domestication in the United States (Bhardwaj et al, 2000). Vernonia seed 

contains approximately 40% oil, of which 68 to 77% is vernolic acid (Perdue et al, 1986; 

Thompson et al, 1994a). In addition to veraolic acid, vernonia oil contains palmitic acid 
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(C16:0) [2~4%], stearic acid (C18;0) [2-3%], oleic acid (C18:l) [4»6%], and linoleic acid 

(C18:2) [11-12%] (Ayrorinde et al, 1990b; Barrett et ai., 1993), with arachidic acid 

(C20:0) present in amounts of <0,5% (Anderson et al., 1993). 

Vemonia oil has many potential applications because the epoxy moiety is highly 

reactive (Trumbo et al., 1999) and can form interpenetrating polymer networks (IPNs) 

making it especially good as a reactive diluent for coating applications (Barrett et al, 

1993). It can also be used to toughen epoxy materials and in the manufacture of 

polyvinyl chloride plasticizers. Other potential products from vernonia oil are degradable 

lubricants and lubricant additives, adhesives, epoxy resins, insecticides, insect repellants, 

and carriers for slow-release pesticides (Mohamed et ai., 1999). Since vernonia oil is not 

volatile (because it produces BPNs), it is ideal for use in oil-based paints as it helps lower 

the emission of volatile organic compounds (VOCs) (Kaplan, 1989; Teynor et al, 1992). 

Several states and some countries have mandated the lowering of VOCs since they 

contribute significantly to air pollution by promoting the formation of ozone and smog 

(Anon., 1989; Trumbo et al., 1999). In a study conducted for the Los Angeles area, it 

was shown that approximately 22 tons of VOCs were released into the air daily from 

paints and varnishes. 

Current supplies of epoxy fatty acids are provided by the epoxidation of soybean 

and linseed oils (Bafor et al, 1993), but at great expense and with much chemical waste. 

The process results in the production of a high viscosity oil that has fewer industrial 

applications when compared with low viscosity vernonia oil (Mohamed et al., 1999). 

The characteristics of vernonia oil, namely low viscosity at a wide range of temperatures, 
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allow for a greater range of applications compared with these manufactured epoxy oils. 

Whereas epoxidized soybean and linseed oils are highly viscous and semi-solid at 10°C 

(and not pourable below 0°C), vemonia oil is pourable at temperatures below O^C 

(Haumann, 1991). In addition, the cost of vernonia oil production is expected to be 

significantly lower than the cost of chemically manufacturing epoxy fatty acids (Dirlikov 

et al., 1990), and the expense of further epoxidation of the oil is roughly half the cost of 

epoxidation of linseed and soybean oils (Carlson and Chang, 1985). 

A significant problem in vemonia is that the seed contains high lipase activity 

(that is brought into contact with the oil when the seed are crushed during the oil 

extraction process) resulting in a high amount of free fatty acids (FFA) in the extracted 

oil (Krewson et al., 1962; Carlson et al., 1981; Ayorinde et al., 1988b; Ayorinde et al., 

1990b). High FFA concentrations decrease the quality of the oil as a whole, while also 

decreasing its storage capacity. The commercial goal is to have less than 1.0% FFA in 

processed vernonia oil (Isbell, personal communication, 2003). There are few previously 

published reports on the amount of FFA in Vemonia galamensis except for reports of 

achieving low concentrations of FFA after seed tempering or conditioning (Carlson et al, 

1981). 

As in most seed, deposition of oil occurs in vemonia endosperm and serves as 

nourishment for the developing embryo and at germination (Taiz and Zeigler, 1991). The 

biochemistry and physiology of oil biosynthesis and deposition in seed has been 

described for several plants and has been shown to follow a similar pattern in most 

species studied (Voelker and Kinney, 2001). For seed in general, fatty acid biosynthesis 
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involves a de novo system for the production of CI 6 and C18 fatty acids. C2 subunits are 

polymerized to produce C16 and C18 carbon chains, with the majority of these carbon 

chains subsequently desaturated forming C18;l and C18;2. Lui et al. (1998) found that 

as C18:l declined in vernonia seeds, the amount of CI8:2 and C18:l epoxy increased. 

Results by Bafor et al. (1993) also showed a rapid decrease in C18:1 and a corresponding 

increase in C18;2 indicating that CI8; 1 is most likely the substrate for CI8:2. In 

addition, they showed that as CI8:2 decreases, the amount of CI8:1 epoxy increases 

suggesting that CI8:2 is the precursor of C18:l epoxy. 

Liu et al. (1998) studied the synthesis of vernolic acid in greenhouse grown 

Vernonia galamensis (22~25°C under 14~h artificially supplemented illumination), which 

had seed that matured 35 days after flowering (DAF). Their research demonstrated that 

by 21 DAF, seed lipid content was just 5%, but rapidly approached 30% by 28 DAF. By 

35 DAF seed was desiccated and oil content increased to 34%. They concluded that the 

period between 21 DAF and 28 DAF was important to monitor since the majority of oil 

accumulated during this period in greenhouse-grown plants. 

Although there have been a number of research projects describing agronomic 

and plant characteristics of vernonia (Thompson et al, 1994b; Bhardwaj et al, 2000) and 

oil chemistry and uses (Carlson et al, 1981; Carlson and Chang, 1985; Cunningham, 

1987; Perdue et al, 1989; Dirlikov et al, 1990; Teynor et al, 1992; Barrett et al, 1993; 

Dierig and Thompson, 1993; Trumbo et al, 1999), no studies documenting the 

development of oil in field-grown plants have been reported. The objective of this study 
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was to elucidate the evolution of seed oil and the free fatty acids and acyiglyceride 

constituent fatty acids in field grown plants during seed development. 

2. Materials and Methods 

2.1 Germplasm, planting, and materials collection 

The four accessions used in this study were all originally collected in Africa 

(Table 1). The three hybrid lines were produced as parents for hybrid production at the 

USDA-ARS Water Conservation Laboratory in Phoenix, AZ (Table 2). Since accession 

399 is highly self-incompatible in addition to being a day-neutral variety, it was used as 

the female parent for the production of these hybrid lines. 

During the first growing season (Yl), seed from the four breeding lines (Table 2) 

were planted in 72 cell seedling trays in the greenhouse on 14 February 1997. The plants 

were transplanted to the field at the USDA-ARS Water Conservation Laboratory in 

Phoenix, AZ, on 29 April 1997. For the second season (Y2), seeds were planted in the 

greenhouse on 21 May 1999 in 200 cell seedling trays, and transferred to the field at the 

University of Arizona West Campus Agricultural Center, Tucson, Arizona, on 22 July 

1999. A randomized complete block design with three replications was used for both 

field plantings. 

For both growing seasons, capitula were randomly chosen on 7 September, with 

only those identified as being at the first day of flowering tagged. First day of flowering 

was marked by the appearance of anthers on the perimeter flowers of the capitulum. For 

Yl, capitula were collected starting 7 DAF and every 4 days thereafter up to 47 DAF, 
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Table 1. Origin of accessions of the Vernonia gaiamensis complex used in this study. 

Arizona accession Collection Classification 

number" site 

382 Kenya ssp. gaiamensis vai.ethiopica 

389 Nigeria ssp. gaiamensis \m.gaiamensis 

399 Kenya ssp. gaiamensis vm.petitiana 

437 Tanzania ssp. unclassified 

^Part of the germplasm collection held at USDA-ARS Water Conservation Laboratoiy, 
Phoenix, Arizona. 



Table 2. Identification of breeding lines of the Vernonia gaiamemis (Cass.) Less, 
complex used in this study. 

Arizona accession 

numbers" 

Source 

Maternal parent Paternal parent 

399 (accession) 

64 (hybrid cross) 399 389 

49 (hybrid cross) 399 437 

6 (hybrid cross) 399 382 

®Part of the germplasm collection held at USDA-ARS Water Conservation Laboratory, 
Phoenix, Arizona. 
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then again at 55 DAF. It was found that oil and fatty acid production was minimal until 

23 DAF. In Y2, therefore, capitula were collected 23 DAF and every 4 days thereafter up 

to 47 DAF, and then again at 55 DAF. Individual capitula were harvested, placed in 

containers, and stored at -80°C to minimize chemical alterations. Pappi were removed 

from the seed by hand prior to analysis. 

2.2 Seed and data analysis 

Seed from individual capitula were analyzed for amount of FFA, acylglyceride 

constituent fatty acids, total acylglycerides, and calculation of total oil production using 

the method developed in Chapter 2. Statistical analysis for mean separation was done 

using least significant difference (LSD) Student's t-test. For the LSD test, data for 

breeding lines was transformed using log or square root transformations so the data 

would fit the assumptions of normality for the general linear model. For the analysis of 

variance, days were considered the independent variable and oil content the dependent 

variable. Any reported mean separation is significant at the p = 0.05 level. 

3. Results and Discussion 

3.1 Free fatty acids, acylglycerides, and total oil 

All lines increased in FFA over the measured period, although significantly only in 

line 6 (Table 3.1- 3.4). The general trend for all the lines tested was a decline in the 

amount of FFA for the first two periods and then an increase by 35 DAF. There was a 

significant decrease in FFA values from 35 DAF to 43 DAF in lines 64 and 6. The same 



Table 3.1. Mean values of free fatty acids (ffa), total acylglycerides, total oil, mean ratios of mg 
FFA/mg total acylglycerides and mg FFA/mg total in vernonia oil during seed development at 23, 
27, 31, 35, 39, 43, 47, and 55 days after flowering (DAF) for day-neutral parent 399. 

Accession DAF^ FFA^ Total Total oil'' FF A/total FFA/ 

399 (mg) acylglycerides^ (mg) (mg) acylglycerides^ total oil^ 

23 1.74 a' 1.64 e 3.38 e 1.08 a 0.38 a 

27 1.25 a 2.37 e 3.62 e 0.72 a 0.42 a 

31 0.63 a 9.18 d 9.80 d 0.08 be 0.08 be 

35 2.57 a 9.73 cd 12.30 cd 0.26 ab 0.19 ab 

39 0.84 a 12.66 be 13.49 be 0.07 c 0.06 c 

43 1.23 a 15.56 ab 16.79 ab 0.11 be 0.09 c 

47 1.13 a 15.35 ab 16.48 ab 0.08 c 0.07 c 

55 2.67 a 17.32 a 19.99 a 0.17 be 0.14 be 

®Days after flowering. 
"Values per 100 mg seed. 
"•Means followed by same letter, within columns, were not different according to LSD test {P =0.05). 



Table 3.2. Mean values of free fatty acids (FFA), total acylglycerides, total oil, mean ratios of 
mg FFA/mg total acylglycerides and mg FFA/mg total in vernonia oil during seed development 
at 23, 27, 31, 35, 39, 43, 47, and 55 days after flowering (DAF) for breeding line 64. 

Breeding DAF" FFA*' Total Total FFA/total FFA/ 

line 64 (mg) acylglycerides'' (mg) oil** acylglycerides'' total oil'' 

(mg) 

23 0.79 c' 6.07 d 6.86 c 0.72 a 0.20 a 

27 0.54 d 9.63 d 10.17c 0.06 cd 0.06 d 

31 0.28 d 10.40 d 10.68 c 0.03 d 0.03 d 

35 1.09 c 18.39 c 19.47 b 0.06 be 0.06 be 

39 0.79 c 17.62 c 18.41 b 0.05 cd 0.04 cd 

43 2.71 ab 16.98 c 19.69 b 0.17 a 0.14 ab 

47 2.80 a 24.90 b 27.70 a 0.13 ab 0.11 ab 

55 1.39 be 29.16 a 30.55 a 0.05 cd 0.05 cd 

®Days after flowering. 
'"Values per 100 mg seed. 
"^Means followed by same letter, within columns, were not different according to LSD test {P =0.05). 



Table 3.3. Mean values of free fatty acids (FFA), total acylglycerides, total oil, mean ratios of 
mg FFA/mg total acylglycerides and mg FFA/mg total in vernonia oil during seed development 
at 23, 27, 31, 35, 39, 43, 47, and 55 days after flowering (DAF) for breeding line 49. 

Breeding DAF® FFA*' Total Total FF A/total FFA/ 

line 49 (mg) acylyglcerides^ (mg) oil" acylglycerides" total oil" 

(mg) 

23 1.44 ab' 4.80 d 6.23 d 0.66 a 0.33 a 

27 0.71 b 3.36 d 4.07 d 0,24 ab 0.19 ab 

31 0.38 c 9.72 c 10.10c 0.04 e 0.04 e 

35 1.61 ab 10,61 c 12.22 c 0.20 be 0.15 be 

39 1.57 ab 11.01 c 12.58 c 0.18 be 0.14 be 

43 0.92 b 16.50 b 17.42 b 0.06 de 0.06 de 

47 2.13 a 19.78 a 21.92 a 0.11 bed 0.10 bed 

55 2.42 ab 21.23 a 23.65 a 0.11 cd 0.10 cd 

®Days after flowering. 
'Values per 100 mg seed. 
Cleans followed by same letter, within columns, were not different according to LSD test {P =0.05). 



Table 3.4. Mean values of free fatty acids (FFA), total acylglycerides, total oil, mean ratios of 
mg FFA/mg total acylglycerides and mg FFA/mg total in vernonia oil during seed development 
at 23, 27, 31, 35, 39, 43, 47, and 55 days after flowering (DAF) for breeding line 6. 

Breeding DAF^ ffa" Total Total FF A/total FFA; 

line 6 (mg) acylglycerides^ (mg) oil'' acylglycerides'' total oif 

(mg) 

23 0.91 bed" 0.68 e 1.59 d 3.15 a 0.66 a 

27 0.64 de 2.69 d 3.33 d 0.70 b 0.30 b 

31 0.83 0 7.44 c 8.27 c 0.19 cd 0.15 cd 

35 1.72 a 13.28 b 15.01 b 0.17 cd 0.14 cd 

39 1.19 ab 14.09 b 15.28 b 0.12 cd 0.10 cd 

43 0.44 e 13.25 ab 13.69 b 0.04 de 0.04 e 

47 1.19 abc 14.61 ab 15.80 ab 0.09 e 0.08 d 

55 2.19a 17.42 a 19.61 a 0.13 cd 0.11 cd 

"Days after flowering. 
''Values per 100 mg seed. 
^Means followed by same letter, within columns, were not different according to LSD test (P =0.05). 
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trend occurred in line 49, although not significantly. The highest values measured for 

FFA occurred at 43 DAF and 47 DAF for line 64, but these values decreased significantly 

at 55 DAF. No significant differences between FFA were detected in line 399. 

Among breeding lines that were evaluated, considerable variation in the amount of 

FFA was observed at specific collection days over the course of the maturation period 

(Figure 1). For example, at 23 DAF line 399 contained 51.5% FFA, while line 64 

contained only 11.5%. Furthermore, at 55 DAF, line 399 contained 13.3% FFA and line 

64 contained only 4.5%. Other breeding lines also showed variations in the amount of 

FFA, although differences were not as wide. 

To illustrate the relationships of several variables, ratios of mean values were 

calculated (Tables 3.1-3.4). Compared to raw data, ratios provide a different approach to 

interpreting data because they demonstrate the interaction between variables, in addition 

to allowing for the detenmination of relationships and the visual tracking of variables 

with one number. For example, accession 399 (Table 3,1) had 1.25 mg FFA/100 mg 

seeds and 3.62 mg total oil/100 mg seeds with a ratio of 0.42 at 27 DAF. The ratio 

decreased significantly by 43 DAF to 0.09 when the amount of FFA was not significantly 

different but the amount of total oil significantly increased to 16.79 mg. There was 

almost a five-fold decrease in the ratios illustrating that the denominator (total oil) 

increased while the numerator (FFA) decreased. 

The ratios of FFA to the total acylglycerides and to total oil corresponded to the 

interaction of the three components. The highest ratios for all lines occurred at the 

beginning of the measurement period when FFA were relatively high and total 
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acylglycerides and total oil were low. Ratios then declined significantly by the end of the 

maturation period for all lines as total acylglycerides and total oil increased significantly. 

Even though FFA generally increased over the course of the maturation period, the 

advantage of early harvest would be offset by slow accumulation of total oil. Oil was 

maximized by 47 DAF for lines 64, 49, and 6, and at 43 DAF fro line 399. Maximum 

acylglyceride values followed a similar pattern. Breeding line 64 had a significant 

decrease in FFA/acylglyceride and FFA/total oil ratios at 55 DAF, indicating that this 

breeding line benefited from a longer growing period. Breeding line 64 also had the 

lowest percentage of FFA with only 4.44% at 55 DAF, while producing the highest 

amount of total oil. Since the ratios of FF A/total acylglycerides and FF A/total oil 

decreased significantly from 23 DAF to 55 DAF for all breeding lines, it is reasonable to 

infer that fatty acids spend little time in the "free" state in the course of synthesis. 

By the start of the measurement period, breeding lines 399, 64, and 49 had a 

higher percentage of acylglycerides than FFA, whereas line 6 established this pattern by 

31 DAF (Figure 1). These data suggest that throughout the course of acylglyceride 

synthesis, fatty acids were generally esterified to other moieties, leaving few in the free 

state. This may be an adaptation that allowed the embryo quick and easy access to fatty 

acids when germinating in the unpredictable environmental conditions faced by wild 

plants. 

Harvesting seed earlier may result in oil with lower levels of FFA, but CI 8; 1 

epoxy was not generated until late in the maturation period (Figure 1). Earlier harvesting, 

therefore, would mean production of oil with a much lower percentage of CI 8:1 epoxy. 



Figure 1. Percent of FFA, C18:1 epoxy, and total acylgiycerides in oil for four breeding lines in 
maturing vemonia seed at 23, 27, 31, 35, 39, 43, 47, and 55 days after flowering (DAF). (1.) = 
accession 399, (2.) = breeding line 64, (3.) = breeding line 49, and (4.) = breeding line 6. 
DAF = days after flowering. • = FFA • = C18:1 epoxy A =  Total acylgiycerides 

CD 
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Breeding line 64 measured a decrease in the amount of FFA after 47 DAF with a 

concurrent significant increase in the amount of C18:1 epoxy, suggesting that for this 

line, later harvesting improved oil quality considerably. 

3.2 Acylglyceride constituent fatty acids 

Considerable variation was observed among all breeding lines for each acylglyceride 

constituent fatty acid over the course of the seed maturation period (Tables 4.1-4.4). 

Previous research has shown that synthesis of fatty acids proceeds from C16:0 to C18:0 

to CI 8; 1 to C18:2 to C18:1 epoxy, with the amounts of each dependent on the interaction 

of fatty acid polymerization enzymes, thioesterase, desaturase, and epoxygenase (Voelker 

and Kinney, 2001). The quantity of C16:0 across all four accessions (Tables 4.1-4.4) was 

lower than the previously reported percentages of 1.9% to 4.3% (Thompson et al, 

1994a). The mean values for C16;0 significantly increased over the course of the 

measurement period. All lines tested had quantities of C18:0 that were generally higher 

over the course of the measurement period than previously reported percentages of 2.2-

4.4% (Thompson et al., 1994a), but the percentages at the end of the measurement period 

were higher than this range only for line 6 (Table 4.4). The general trend was for 

percentage of CI 8:0 to decrease over the course of the measurement period due to the 

increase in total oil and its eventual conversion into CI8:1 epoxy, although there were 

significant fluctuations for all lines. 

Based on the reported fatty acid synthesis pathway, it is expected that over the course 

of the maturation period, CI 8:1 would increase before CI 8:2 and CI 8:1 epoxy. It is also 
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Table 4.1. Proportion of fatty acid methyl esters prepared from vemonia seed oil 
acylglycerides during seed development at 23, 27, 31, 35, 39, 43, 47, and 55 days after 
flowering (DAF) for day-neutral parent 399. 

Accession DAF Palmitic Stearic Oleic Linoleic Vemolic 

399 CI 6.0 CI8:0 ClS.i C18;2 CI8,1 epoxy 

23 0.0 ± 0.0 h"'' 5.2 ± 11.2 c 33.9 ±31.8 c 4.6 ± 10.3 e 9.9 ± 11.2e 

27 0.9± 1.3 g 0.9 ± 1.3 c 42.7 ± 22.8 c 6.3 ± 6.0 de 16.5 ±8.0 d 

31 0.7 ± 1.1 d 5.4 ± 5.7 b 88.0 ± 8.7 b 2.4 ± 1.8 e 3.2± 1.8 e 

35 0.7 ± 0.7b 5.0 ± 2.4 ab 70.2 ± 8.6 ab 3.1 ±0.7 cde 5.8 ± 2.7 d 

39 0.6 ± 0.6 c 4.3 ± 1.3 b 82.6 ± 4.4 a 4.5 ±2.1 b 6.8 ± 1.7 cd 

43 0.4 ± 0.6 e 6.0 ±3.3 a 82.1 ± 10.6 a 2.5 ± 1.7 cd 8.1 ± 5.3 c 

47 0.4 ± 0.7 f 3.2 ± 3.2 b 71.3 ± 10.7 a 3.2 ± 1.1 be 18.6 ± 7.0 b 

55 0.5 ± 0.5 a 3.1 ± 1.9 b 29.3 ± 7.8 b 5.2 ± 1.7 a 52.2 ± 8.0 a 

"Percent ± standard deviation. 
"^eans followed by the same letter, within columns, were not significantly different 
according to LSD (p = 0.05). 
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Table 4.2. Proportion of fatty acid methyl esters prepared from vemonia seed oil 
acylglycerides during seed development at 23,11, 31, 35, 39, 43, 47, and 55 days after 
flowering (DAF) for breeding line 64. 

Breeding DAF Palmitic Stearic Oleic Linoleic Vernolic 

line 64 C16:0 C18;0 C18:l C18;2 C18:l epoxy 

23 0.0 ±0.0 d"^ 2.3 ±2.7d 74.3 ±31.2 be 6.5 ±3.3 e 7.7 ± 6.4 de 

27 0.2 ±0.3 cd 0.8 ± 1.4 e 77.1 ±7.5b 13.5 ± 5.6 cd 4.1 ±2.6e 

31 0.6 ± 0.7 be 4.1 ±4.2 be 53.6 ± 13.2 c 29.8 ± 13.5 a 14.0 ±6.3 d 

35 o
 

H- o
 

cr
 

o
 

3.0 ± 0.9 be 71.5 ±7.4 a 13.5 ± 7.0 ab 9.5 ± 5.8 d 

39 0.3 ± 0.7 bed 5.2±2.8ab 68.1 ± 13.2 a 18.7 ±8.0 a 8.9 ± 6,0 d 

43 0.4 ± 0.5 be 4.4 ± 2.3 ab 63.3 ±5.3 a 5.0± I.9de 17.9 ±8.1 e 

47 0.4 ± 0.5 be 1.4 ± 1.0 e 29.5 ± 9.5 b 7.5 ±7.2 be 52.9 ± 15.7 b 

55 1.1 ±0.9 a 3.1 ± 1.4 a 16.8 ± 5.8 c 5.8 ± 1.7 abc 73.0 ± 8.8 a 

^Percent ± standard deviation. 
'Means followed by the same letter, within columns, were not significantly different 
according to LSD (p = 0.05). 



Table 4.3. Proportion of fatty acid methyl esters prepared from vemonia seed oil 
acylglycerides during seed development at 23, 27, 31, 35, 39, 43, 47, and 55 days after 
flowering (DAF) for breeding line 49. 

Breeding DAF Palmitic Stearic Oleic Linoleic Vernolic 

line 49 C16:0 C18:0 CI8:1 C18:2 C18:l epoxy 

23 0.0 ± 0.0 c"*" 5.4 ±6.3 c 65.7 ± 25.6 cd 2.7 ±3.8 d 3.1 ±5.2d 

27 0.6 ± 0.7 be 1.4 ± 2.4 d 69.9 ± 12.2 d 5.5 ± 4.0 d 5.1 ±5.3 d 

31 0.6 ± 0.9 b 4.0 ± 4.5 be 78.0 ± 9.5 b 3.9 ± 1.4 c 9.9 ± 7.0 c 

35 0.6 ± 0.9 b 4.9 ± 4.0 abe 52.8 ±24.3 be 7.2 ± 8.6 be 21.3 ± 14.3 b 

39 0.5 ± 0.7 b 6.6 ± 3.4 a 67.1 ± 11.4 b 7.8 ± 6.2 ab 5.5 ±3.9 c 

43 0.4 ±0.5 b 4.8 ±2.3 a 78.2 ±4.8 a 3.2 ±0.7 be 8.1 ±2.2b 

47 0.3 ±0.5 b 1.1 ±0.2 c 77.9 ± 5.0 a 3.3 ± 0.4 ab 7.7 ±2.1 b 

55 1.2 ± 1.9a 3.7 ±4.8 ab 34.9 ± 5.4 b 5.5 ± 0.8 a 44.5 ±6,8 a 

'Percent ± standard deviation. 
''Means followed by the same letter, within columns, were not significantly different 
according to LSD (f = 0.05). 
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Table 4.4. Proportion of fatty acid methyl esters prepared from vemonia seed oil 
acylglycerides during seed development at 23, 27, 31, 35, 39, 43, 47, and 55 days after 
flowering (DAF) for breeding line 6. 

Breeding DAF Palmitic Stearic Oleic Linoleic Vernolic 

line 6 C16:0 C18:0 C18:l C18:2 CI 8:1 epoxy 

23 0.0 i 0.0 c'^' 7.1 ± 11.3 d 31.4± 19.9d 4.3 ± 9.3 e 0.0 ±0.0 e 

27 0.6 ±3.8 be 2.7 ± 4.6 e 72.3 ±31.6 cd 3.2 ±8.3 e 2.1 ±5.0 d 

31 0.7 ± 1.4 b 4.8 ± 5.8 c 74.7 ± 17.3 b 4.7 ± 5.2 d 5.0 ± 5.9 c 

35 0.5 ± 0.7 b 3.9± 1.6b 72.8 ± 10.8 a 4.3 ± 2.4 c 7.0 ±3.5 b 

39 0.5 ± 1.1 b 4.0 ± 4.2 ab 77.3 ± 15.2 a 4.2 ± 3.6 c 4.6 ± 3.8 b 

43 0.4 ± 0.5 be 5.6 ±3.5 ab 76.3 ± 9.5 a 3.0± 1.6d 9.8 ± 7.8 b 

47 0.6 ± 0.8 b 2.3 ± 1.7 c 76.7 ±7.0 a 5.2 ± 1.9 b 7.7 ± 4.4 b 

55 1.8 ± 2.0 a 5.6 ± 4.7 a 30.1 ±8.1 be 5.0 ± 1.8 a 46.4 ± 6.8 a 

^Percent ± standard deviation. 
''Means followed by the same letter, within columns, were not significantly different 
according to LSD (p = 0.05) 
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expected that as the amouiit of CI 8:2 and CI 8:1 epoxy increase, the amount of CI 8.1 

would decrease, since CI8:1 serves as the putative precursor for both CI8:2 and C18:l 

epoxy. Likewise, as the amount of C18:1 epoxy begins to increase, it is expected that 

the amount of CI 8:2 would decrease as it is epoxygenated to generate CI 8:1 epoxy. 

These trends were followed during the course of the maturation period by calculating 

mean separations for the mean values C18:l/C18:l epoxy, C18:l/ C18:2, and 

C18:2/C18:1 epoxy (Tables 5.1- 5.4). These ratios indicate the proportion of substrate 

which is desaturated from C18;l to C18:l epoxy, from C:18:l to C18:2, and from C18:2 

to CI8:1 epoxy, respectively. 

For breeding line 399, the ratio C18:l/C18:2 increased after 31 DAF. Although 

mean values fluctuated, the differences were not significant from 31 DAF to 47 DAF. 

There was a significant decrease in the ratio at 55 DAF (Table 5.1). While significant 

changes were measured, the amount of CI 8:2 remained relatively low, with only two 

collection days rising above 5.0 mg/100 mg seed (Figure 2). Conversely, the amount of 

CI8:1 increased significantly at 35 DAF through 47 DAF, then rapidly declined as the 

amount of CI 8:1 epoxy significantly increased (Figure 2). This presumably coincides 

with the activation of the epoxygenase enzyme that converts C18:2toC18:l epoxy. 

The data suggest that the conversion of CI 8:1 to Ci8:2 is transient and that C18; 1 

is quickly desaturated and epoxygenated to CI 8:1 epoxy because the amount of CI8:2 

measured remained low for all lines over the maturation period (Figure 2). This was 

further demonstrated by the lack of change in the ratio of C18:2/C18:l epoxy (Tables 

5.1-5.4) until later in the maturation period (particularly after 47 DAF) when CI8:1 



Table 5.1. Ratios of C18;l/C18;2, C18:2/C18;l epoxy, andC18:l/C18:l epoxyin 
vernonia oil during seed development at 23, 27, 31, 35, 39, 43, 47, and 55 days after 
flowering (DAF) for day-neutral parent 399. 

Accession DAF" C18;l/ C18:2/ C18:l/ 
399 C18:2 C18:l epoxy CI 8:1 epoxy 

23 17.20 0.46 ab 2.05 d 

27 9.25 b 0.46 ab 2.18 d 

31 71.87a 0.89 a 31.63 a 

35 24.51 a 0.65 ab 15.26 ab 

39 23.84 a 0.69 a 13.16b 

43 44.82 a 0.45 be 13.06 b 

47 24.04a 0.21 cd 4.55 c 

55 5.76 b 0.11 d 0.55 e 

®DAF = days after flowering. 
Cleans followed by the same letter, within columns, were not significantly 
different according to LSD (p = 0.05) 



Table 5.2. Ratios of C18;l/C18;2, C18:2/C18:l epoxy, and C18:1/C18;1 
epoxy in vernonia oil during seed development at 23, 27, 31, 35, 39, 43, 47, 
and 55 days after flowering (DAF) for breeding line 64. 

Breeding DAF" C18;l/ C18:2/ C18:l/ 
Line 64 C18:2 CI8:1 epoxy C18:] epoxy 

23 11.32ab'' 0.65 c 6.97 bed 

27 8.49 be 5.04 a 29.96 a 

31 2.41 e 3.52 a 5.58 cd 

35 9.42 be 2.18 be 11.02 bed 

39 8.45 cd 3.42 ab 59.66 ab 

43 16.35 ab 0.34 d 5.30 d 

47 8.45 be 0.23 e 0.78 e 

55 3.13 de 0.09 e 0.26 e 

"DAF = days after flowering. 
''Means followed by the same letter, within columns, were not significantly 
different according to LSD (p = 0.05) 



Table 5.3. Ratios of C18:l/C18:2, C18;2/C18:l epoxy, and C18;l/C18:l 
epoxy in vernonia oil during seed development at 23, 27, 31,35, 39, 43, 47, 
and 55 days after flowering (DAF) for breeding line 49. 

Breeding DAF^ C18:l/ CI 8:2/ CI 8.1/ 
Line 49 C18;2 CI 8:1 epoxy CI 8:1 epoxy 

23 55.10 a'' 3.68 a 157.04 a 

27 29.46 ab 2.63 a 25.58 ab 

31 20.98 a 1.05 b 17.59 b 

35 19.07 b 0.94 be 4.38 c 

39 12.53 b 2.19a 17.20 ab 

43 24.40 a 0.39 b 9.62 b 

47 25.17 a 0.47 b 10.85 ab 

55 6.42 b 0.13 c 0.80 d 

"DAF = days after flowering. 
"TMeans followed by the same letter, within columns, were not significantly 
different according to LSD (p = 0.05) 



Table 5.4. Ratios of C18:l/C18;2, C18:2/C18;l epoxy, and C18:l/C18;l 
epoxy in vernonia oil during seed development at 23, 27, 31, 35, 39, 43, 47, 
and 55 days after flowering (DAF) for breeding line 6. 

Breeding DAF" C18:l/ C18;2/ C18:l/ 
Line 6 C18;2 CI8.1 epoxy CIS;I epoxy 

23 8.82 ab"' * * 

27 46.21 a 3.29 a 73.10a 

31 24.06 a 5.55 ab 88.69 ab 

35 20.43 a 0.70 be 12.79 b 

39 20.76 a 1.40 ab 30.79 ab 

43 26.64 a 0.39 c 10.88 b 

47 16.25 a 1.25 ab 19.89 b 

55 6.47 b 0.12 d 0.73 c 

®DAF = days after flowering. 
'^eans followed by the same letter, within columns, were not significantly 
different according to LSD {p = 0.05) 
*Denominator equal to zero 
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Figure 2. Percent of C18:l, C18:2, and C:18;l epoxy in total oil for four breeding lines in 
maturing vernonia seed at 23, 27, 31, 35, 39, 43, 47, and 55 days after flowering (DAF). 
(1.) = accession 399, (2.) = breeding line 64, (3.) = breeding line 49, and (4.) = breeding line 
6. DAF = days after flowering. A=C18;1 •=C18;2 • = CI8:1 epoxy ^ 

o 
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epoxy began to increase significantly. Although the ratios were significantly different, 

starting relatively low, increasing, and then decreasing toward the end of the period, the 

ratios remained below 1.00. For breeding line 399, C18;2 remained low throughout the 

period and C18; 1 epoxy increased only significantly at 47 DAF, then again at 55 DAF. 

The C18;l/C18:l epoxy ratio significantly increased and decreased during the 

maturation period, further indicating a rapid conversion ofC18:l toC18:l epoxy (via 

CI 8:2). At 23 DAF and 27 DAF, this ratio was relatively low as the amount of both 

acylglyceride constituent fatty acids was low. By 31 DAF, there was a significant 

increase in amount of C18:1 while the amount of C18:1 epoxy remained low (Figure 2). 

These data were in agreement with the described synthesis pathway that indicated that 

C18; 1 is a precursor to C18:1 epoxy (Lui et al., 1998). 

It is thought that epoxygenation occurs after the C18:1 moiety has left the plastid 

and that further desaturation and epoxygenation occurs in the cytoplasm. Voelker and 

Kinney (2001) stated that the C18:l moiety is esterified to coenzyme A after transfer 

from the plastid into the cytoplasm, then esterified to phosphatidylcholine via the 

glycerol-S-phosphate system, while Liu et al. (1998) suggested that C18:l was already 

esterified to phosphatidylcholine before it left the plastid. This may indicate that CI8:1 

remained in the plastid and was transferred in bulk to the cjrtoplasm. Whichever process 

is correct, it would be logical to assume that there would be a time lag between the 

generation of CI 8:1 and the generation of CI 8:1 epoxy. While the amount of 

acylglycerides did not significantly change late in the maturation period, the amount of 

CI 8:1 epoxy increased significantly up to 55 DAF. The data suggest that before 55 DAF, 
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the bulk of the acylglycerides constituent fatty acids were esters of CI 8:1, demonstrating 

that the production of CI 8:1 epoxy from CI 8:1 occurred late in the maturation period. 

Breeding line 64 (Tables 4.2 and 5.2) was similar to the response of line 399 

regarding the generation of acylglyceride constituent fatty acids and their temporal 

development. CI8:2 remained low throughout the growing season as it had with 

breeding line 399. The amount of CI 8:1 was higher earlier in the maturation period 

compared with lines. The ratio of C18;l/ C18;l epoxy showed increased fluctuations 

when compared with other lines because the amount of C 18:1 epoxy had more 

fluctuation (Table 4.2), As expected, there was a significant decrease in this ratio at the 

end of the period due to the increase in CI 8:1 epoxy and decrease in CI 8:1. 

All three ratios exhibited a somewhat different pattern for breeding line 49 

compared to the other lines (Table 5.3). This could be attributed to the paternal parent of 

this cross being more taxonomically distant than the other three parents that were used to 

establish the other breeding lines. The ratio C18:l/ C18:2 began high and then decreased 

by the end of the measurement period, as expected. As had been the trend with other 

lines, C18:l was always much higher than C18:2 resulting in a high C18:I/C18:2 ratio. 

Each ratio began high, decreasing by 31 DAF and followed a pattern similar to other 

breeding lines. Again, C18:l/C18:l epoxy changed most significantly through the course 

of the measurement period because of the rapid increase of CI 8:1 (and concurrent 

stability of the amount of C18:1 epoxy), then a rapid increase in C18:1 epoxy as C18:1 

was converted to CI 8:2, and then quickly to C18:l epoxy. The amount of total 

acylglycerides and total oil did not change after 47 DAF, yet the amount of C18:l epoxy 
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increased significantly by 55 DAF, suggesting that if seeds were harvested by 47 DAF, 

there would be a much greater amount of CI 8:1 than CI 8:1 epoxy in extracted oil. 

For breeding line 6, the ratio of C18; 1/ C18:2 changed little throughout the course 

of the measurement period until it decreased significantly at 55 DAF as the amount of 

C18:l decreased (Tables 4.4 and 5.4). As with the other lines, the CI8:2/ CI8:1 epoxy 

ratio remained relatively low during this period. Changes in the amount of CI 8:2 were 

small but significant over the course of the measurement period. As with other lines, the 

C18:l/ C18:l epoxy ratio fluctuated the most early in the period when the amount of 

CI 8:1 was much higher than the amount of CI 8:1 epoxy. The amount of CI 8:1 

increased steadily during the course of fatty acid synthesis while the amount of CI 8:1 

epoxy remained low even though it did show a significant, fairly steady increase over the 

course of the measurement period. After an increase from a low measurement at 23 

DAF, the amount of CI8:I did not change between 35 DAF and 47 DAF. It then 

decreased by 55 DAF, presumably as it was converted to CI8:2 and CI8:1 epoxy. 

Concurrently, the amount of C18:I epoxy increased significantly at 55 DAF, presumably 

as CI8:1 was desaturated and epoxidized. 

For all breeding lines, there was a significant decrease in CI 8:1 between 39 DAF 

and 55 DAF, and concurrently, a significant increase in the amount of CI 8:1 epoxy 

between 47 DAF and 55 DAF (Tables 4.1-4.4). While all lines continued to accumulate 

C18:l epoxy until 55 DAF, breeding line 64 was the only line to maintain a significant 

increase in acylglycerides until 55 DAF. Breeding lines 399, 64, and 6, however, 

didcontinue to accumulate total oil until 55 DAF. For breeding line 49, no significant 
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difference in the amount of total oil after 47 DAF was observed. 

The proportion of C18:1, C18:2, and C18; 1 epoxy for breeding lines 399, 49 and 

6 varied at the end of the measurement period from previously reported amounts, All 

three lines had more C18;l, less C18:2, and less C18:l epoxy fatty acids. Breeding line 

64 was also less, however, this line was closer to previously reported ranges. Line 64 had 

a final CI8:1 value of 16.8 %, which was higher than the previously reported range of 4-

6% (Table 3b). C18:2 percent was much lower at 5.8% compared to 11 to 12%. The 

C18:1 epoxy level was 73.0% of total oil, below the range reported by Ayrorinde et ai. 

(1990a; b) and Barrett et al. (1993), but within the range of 68 to 77% reported by 

Thompson et al. (1994a) and Perdue et al. (1986). 

4. Conclusion 

In the course of fatty acid synthesis, it appeared that acylglyceride constituent 

fatty acids were quickly esterified leaving few in the free state. The FFA levels showed 

significant yet minimal changes over the course of the measurement period (except for 

breeding line 399), rarely changing by more than a factor of three. The reason these FFA 

were present is unclear because it appeared that FFA were present in intact seeds. 

Possible sources for FFA are (1) unesterified fatty acids transported out of the plastid 

unesterified remain in this state for some period of time; (2) fatty acids are in the process 

of being esterified to coenzyme A, phosphatidylcholine, or glycerol-3-phosphate; or (3) 

fatty acids resulting from lipase acting on the acylglycerides while acylglycerides were 

being generated (though this seems unlikely). 
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Substantial amounts of FFA in seed may have been an adaptation to a precarious 

environment and would have provided the embryo easy access to fatty acids at any time. 

Since identification of specific types of fatty acid in the FFA was not part of this study, 

future research could be done to determine the identity of each fatty acid in the FFA 

fraction. The percentage of FFA at the end of the measurement period (and for most of 

the period) was higher than others have found in domesticated and cultivated oilseed 

crops. This remains a problem and may conceivably be addressed by determining the 

heritability of the amount of FFA in vernonia and selecting against this trait in a vernonia 

breeding program. 

The data were consistent with the reported pathway for fatty acid biosyntheses in 

vernonia. Synthesis appeared to proceed quickly to from C18;l from its precursors, 

C16;0 and C18:0, as very little of either ever accumulated. There was a substantial, mid-

maturation period between 27 DAF and 47 DAF, when C18:l accumulated with little 

change in CI8:2 or CIS: 1 epoxy. For this there could be several explanations. There 

may have been a "bottleneck" in the pathway, meaning that when C18:1 was being 

transported out of the plastid and into the cytoplasm, the carrier protein or enzyme 

necessary was not always available. Alternatively, it may be that the enzyme necessary 

for esterification of the fatty acid to coenzyme A for activation of the glycerol-3-

phosphate pathway, or the enzyme necessary for esterification to phosphatidylcholine, 

was only present later in the maturation period. In any of these cases, there would be a 

build-up of C18:l and a delay in the production of C18:2 and CI8:1 epoxy. Once these 

esterification steps were completed, the data indicated that the conversion of CI 8:1 to 
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CI 8:2 to CI 8:1 epoxy occurred relatively quickly, essentially over the course of eight 

days (from 47 DAF to 55 DAF). The presence of linoleic acid appeared to be a brief step 

in this pathway, but this observation conflicted with previous research in that our lines 

had about half the amount of previously reported CI 8:2. 

For field-grown plants in this study, rapid accumulation of seed lipids occurred 

mainly between 31 DAF and 47 DAF for three of the breeding lines, with line 64 

accumulating lipids through 55 DAF, Of critical importance was the fact that each line 

had significant increases in the amount of CI 8:1 epoxy though 55 DAF. In addition, 

considerable variation was observed for all measured oil quality traits. More research 

needs to be conducted before any proclamations are made concerning ideal harvest time 

for vernonia to have high CI8:1 epoxy, acylglycerides, and total oil in the end product, 

while maintaining a low percentage of FFA. 
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CHAPTER4 

Heritabiiity Estimates and Predicted Response from Selection for Oil 

Constituents in Vernonia galamensis 

1. Introduction 

There is growing appreciation that the diversification of available cash crops may 

help solve some of the problems facing agriculture, including low prices, surplus 

production, and overuse of pesticides (Mohamed et al., 1999). Through the development 

of new crops, growers and producers would also have the ability to create and fill new 

market niches for agricultural products. Vernonia galamensis and related species have 

been investigated since the mid-1900's as a source of vernolic acid, an epoxy fatty acid 

(c7.v-12:13-epoxy- c7.y-9-octadecenoic acid), found in the oil of their achenes (hereafter 

referred to as seed). 

Vernonia galamensis (vernonia), a member of the Asteraceae family, is an 

herbaceous plant native to east Africa (Gilbert, 1985). Over 60 species of plants naturally 

produce epoxy fatty acids, with the greatest numbers found in the Asteraceae and 

Euphorbiaceae families (Krewson, 1968; Earle, 1970; Carlson et. al., 1981). Vernonia 

appears to be the most promising for domestication and large-scale production compared 

to other potential sources, including Stokesia laevis (Krewson, 1968; Earle, 1970; Carlson 

et al., 1981; Ayorinde et al., 1990b). Although other species of vernonia do contain 

substantial amounts of oil and vernolic acid (including V. anthelmintica and 
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V.volkameriaefolia), it has been demonstrated that V. galamensis has the highest quality 

and quantity of oil, in addition to exhibiting the most desirable agronomic characteristics 

(Siddiqi et al, 1984). 

There is considerable interest in the paint and coatings industry for vemonia oil 

(Carlson et al., 1985; Divlikov, 1990; Teynor et al, 1992). Veraolic acid affords unique 

properties to vemonia oil due to a number of characteristics that distinguish the oil from 

other vegetable oils (Divlikov, 1990). The oil has a low viscosity at a greater range of 

temperatures than other oils (Kaplan, 1989), and its low melting point is important in the 

oil's utility as a diluent in metal coatings (Sperling et al, 1983). Other possible products 

from vemonia oil include degradable lubricants and lubricant additives, epoxy resins, 

adhesives, insecticides and insect repellants, crop-oil concentrates, and a formulation of 

carriers for slow-release pesticides (Kaplan, 1989). 

Industrial epoxy oils are currently supplied by the epoxidation of soybean and 

linseed oils. These epoxidation techniques are expensive, generate large amounts of 

chemical waste, and produce high viscosity oil (Mohamed et al., 1999). Once vemonia 

oil is in large-scale production, its estimated cost will be less than chemically preparing 

epoxidized linseed and soybean oils (Dirlikov et al., 1990). 

High levels of free fatty acids (FFA) in vemonia oil are a recognized problem 

(Carlson et al, 1981), with reports of FFA greater than 50% of total oil being reported in 

some Vemonia species (Krewson, 1968). FFA may develop in seed after crushing 

through the action of strong hydrolytic lipases present in the seed (Krewson et al., 1962; 

Carlson et al. 1981; Ayorinde et al, 1993). Other research has shown that levels of FFA 
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over 15% are present in intact seed prior to crushing (Sieberg, unpublished data, 1995). 

Polymerization capacity and storage potential are limited in oils that have high ffa 

concentrations (Perdue, 1986). Krewson et al. (1962) recognized that the higher the 

vernolic acid content and the lower the FFA content, the higher the oil quality. 

Research has been conducted to characterize seed and seed oil in numerous 

Vernonia species, subspecies, and varieties (Thompson et al, 1994a; b; c). Breeding 

Vernonia ssp. to increase seed oil content was recommended in earlier research (White 

and Earle, 1971). Genotypic variation in V. anthelmintica for a wide array of traits was 

documented by Berry et al. (1970). Significant genotypic variability was found in V. 

galamensis for several traits including percent oil and seed weight, in addition to several 

morphological characters important to harvest timing and method (Thompson et al, 

1994b). This suggests that important progress may be made through selection for desired 

traits. Broad-sense heritability for percent oil in V. anthelmintica was calculated to be 

0.58, and 0.10 for percent vernolic acid (Berry et al., 1970). Researchers have 

acknowledged that there is sufficient genetic variation in V. galamensis to improve the 

quality of seed oil (Thompson et al. 1994a; b). 

One of the goals of the vernonia breeding program is to improve oil quality and 

quantity. Improvement can be greatly accelerated by having an estimate of heritability 

for traits of interest. Falconer and Mackay (1996) state that broad-sense heritability, a 

ratio of genotypic variance to phenotypic variance (VolVp) is an estimate of the amount of 

phenotypic variance due to different genotypes. Broad-sense heritability provides an 

estimate of the proportion of the phenotype that can be attributed to genotypes. Since 
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genes (not genotypes) are passed from parent to progeny, broad-sense heritability does 

not allow for making predictions about the characteristics of progeny. Much more 

helpful to a plant breeder is an estimate of narrow-sense heritability (h^) (hereafter 

referred to as heritability), the ratio of additive variance to phenotypic variance (Va/Vp) 

(Falconer and Mackay, 1996). Since additive variance is the measure of resemblance 

between parents and progeny, provides an estimate for how successful a breeder might 

be in a selection program. The objective of this study was to estimate the narrow-sense 

heritability of FFA, acylglycerides, vernolic acid, and total seed oil in V. galamensis. 

2. Materials and Methods 

The population of Vernonia galamensis plants used for this study was produced at 

the USDA-ARS Water Conservation Laboratory (USWCL) in Phoenix, AZ. These 

plants originated from a working germplasm collection at the USWCL and are the 

product of both open and controlled pollinations and represent a broad genetic base. 

Most are originally from collections made in Africa by Dr. Robert E. Perdue, Jr. and have 

previously been characterized as to subspecies, variety, and country of origin (Thompson 

et al, 1994a). Seed constituting the sixty-nine open-pollinated families used in this 

heritability study were collected from individual plants growing in field plots at the 

USWCL in 1997, and represented all subspecies and varieties from the original 

collection. For estimation of heritability of selected traits, these open-pollinated families 

were treated as half-sib families. 

Six plants per family were grown in two experimental plots at the University of 
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Arizona West Campus Agricultural Center in 1999. Plant spacing was approximately Im 

X Im. Seed was planted in the greenhouse on 21 May 1999, and transferred to the field 

on 22 July 1999. The experiment was conducted as a completely randomized block 

design with two replications. Mature capitula were collected, placed in glass vials, and 

stored at -SO^C until analysis in order to minimize chemical alterations. Seed from the 

perimeter of the blocks were not selected to minimize border effects. Preceding analysis, 

pappi were removed from each seed by hand. 

Seed from individual capitula were analyzed for amount of FFA, acylglyceride 

constituent fatty acids, total acylglycerides, and total oil production using the method 

described in Chapter 2. Acylglycerides and total oil were calculated based on the amount 

of constituent fatty acids. 

The analyses of heritability estimates for these sixty-nine half sib families was the 

same as that used by McLaughlin (1986) to estimate the heritabilities of traits 

determining resin yield in gum weed {Grindelia camporum Green). An analysis of 

variance (Systat version 7.0.1) separated the constituents of phenotypic variation and 

narrow sense heritability (h^) was determined according to the following formulae: 

— VAIVP = 4tf 

tf = 

+ (7^ 
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where tf = interclass correlation coefficient, family variance component, 

block variance component, and = error variance component (Mayo, 1980). 

Heritability was computed for FFA, vemolic acid, total acylglycerides, and total oil. In 

addition, response to selection was estimated using the following formula: 

r = h^s 

with r = response to selection and s = selection differential (Falconer and Mackay, 

1996). 

3. Results and Discussion 

For each of the four traits assessed, both family and block effects were significant 

{P <0.05) with the exception of FFA block effect (Table 1). The significant block effects 

could be from irrigation irregularities due to field slope and soil variability, however, 

block effects contributed little to the lowering of heritability estimates for all traits. 

The lack of significance ofblock effects for FFA indicates no differences were found in 

the amount of FFA in mature seed within families that were tested, yet there were 

significant differences between families. The heritability estimate for FFA illustrates 

that environment has a major effect on this trait since only 33% of the total variance is 

attributable to additive genetic factors. Since Va is a measure of amount of total 

variance due to the average effects of alleles, the lowest value for this variable was 

calculated for FFA (1.652) as it had the lowest estimated h^. Heritability estimates for 

this trait from plants grown in other environments may allow for partitioning of more 



Table 1. Components of analysis of variance (ANOVA) for half-sib genetic analysis: family variance component 
block variance component (o^b), error variance component and calculated interclass correlation 

coefficients (tf), additive variance (fa), and narrow-sense heritabilities (h^) of selected traits of 69 half-sib 
vernonia families. 

Phenotypic trait Mean (mg)/ 

100 mg seed 

tf va h' 

Free fatty acids 6.03 0.413" -0.030 3.728 0.083 1.652 0.332 

Vernolic acid 12.42 4.96r 0.837" 24.577 0.163 19.844 0.652 

Acylglycerides 20.38 8.060" 2.213" 57.734 0.119 32.240 0.476 

Total oil 26.68 9.262" 2.166" 61.839 0.126 37.048 0.504 

'P < 0.05, from ANOVA F-test. 
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additive variance thus allowing more efficient selection for lower FFA. Response from 

selection for FFA (Table 2) in this population could potentially lower the mean value 

for FFA from 6.03 mg FFA/100 mg seed to 5.19 mg FFA/100 mg seed. Although FFA 

concentrations can be substantially lowered through selection, 5.19% is still higher than 

the desired amount of less than 1% (Isbell, personal communication, 2003). 

Vemolic acid had the highest estimated heritability of all traits studied Qp' = 

65%), thus selecting for this trait should yield an increase in amount of vemolic acid in 

the oil. Vemolic acid did not correlate well with the level of FFA (Figure 1), suggesting 

that selection for higher vemolic acid will not affect the amount of FFA. The expected 

response to selection for vemolic acid was determined to be i? = 5.79 (Table 2). A 

selected population, therefore, with a mean of 21.30 mg vemolic acid/100 mg seed (top 

10% of measured population) could potentially result in a population with a mean of 

18.21 mg vemolic acid/100 mg seed compared to a measured parent population mean of 

12.42. 

Acylglycerides (i.e., all oil constituents except for the FFA) include all the 

mono-, di-, and tri-glycerides in vernonia oil. Anderson et al. (1993) reported that 

vernonia oil consists of 59.2% trivernolin, with divernoloyl and monovernoloyl 

triglycerides reported at 28.1% and 9.5%, respectively. This indicates that over 96% 

of vemolic acid in the oil is found in the form of acylglycerides, with the remainder in 

the free form. Over half of the variability seen in the amount of acylglycerides in 

vernonia is from environmental influences {h^ = 48%), although the heritability of 

vemolic acid is over 65% (Table 1), therefore, even though the amount of 



Table 2. Predicted response to selection (R = h^S) for chosen vernonia oil traits assuming that the parent population 
constitutes the top 10% (selection differential) of the current half-sib vemonia populations for vemolic acid, 
acylglycerides, and total oil; and the bottom 10% for free fatty acids. 

Phenotypic Mean of Mean for selected Selection Expected response Expected 

mean trait all measured population differential to selection (R) in progeny 

Free fatty acids 6.03 2.94* -3.36 -1.11 5.19 

Vemolic acid 12.42 21.30 8.88 5.79 18.21 

Acylglycerides 20.38 34.16 13.78 6.56 26.94 

Total oil 26.68 40.54 13.86 6.99 33.67 

*For FFA, the bottom 10% of lines in the measured population was selected, and for other traits the top 10 % of lines in 
the measured population was selected. 
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Figure 1. Correlation of amount of vemolic 
acid and amount of free fatty acids/100 mg of 
vernonia seed of 69 half-sib vernonia families. 
Correlation coefficient (r-value) is not 
significant. 
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acylglycerides may not respond to selection to the same degree as vernolic acid, progress 

can be made in increasing the amount of both. Response to selection for acylglycerides 

was calculated to be i? = 6.56. By creating a selected population of the top 10% of the 

measured population (mean = 34.16), the amount of acylglycerides in the progeny 

population can be expected to rise from 20.38 mg/100 mg seed in the measured 

population to 26.94 for progeny of the selected population (Table 2). 

Estimated heritability for total oil revealed that about half of the observed 

variation comes from additive genes (Table 1). By selecting for this trait it is estimated 

that the population mean will change from 26.68 mg/100 mg seed in the measured 

population to 33.67 mg/100 mg oil in the next generation = 50% and R = 6.99) (Table 

2). Correlation is low (r = 0.27) between total oil and FFA, implying that plants can be 

selected for increased total oil without increasing the amount of FFA (Figure 2). 

Vernolic acid and total oil are highly significantly correlated (r = 0.93) (Figure 3), 

although more progress can be made selecting for vernolic acid than for total oil (Table 

2). 

Even though simultaneous selection for plants with higher vernolic acid and total 

oil should create populations with considerably higher yields for both traits, concurrent 

selection for lower levels of FFA may not be successful. Individual plants with high 

vernolic acid and high total oil are not necessarily those that also have the lowest level of 

FFA. FFA must therefore be directly selected rather than indirectly selected. For this 

reason, the goals of a breeding program would need to be determined and clarified prior 

to beginning the selection process. 
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Several researchers have investigated alternative methods (other than breeding) of 

lowering FFA in oil, since high FFA, attributed to the activity of seed lipase(s), are a 

recognized problem in Vemonia spp. (Krewson et al., 1962; Carlson et al., 1981; 

Ayorinde et al., 1993). Most of these methods involve conditioning seed using heat 

and/or pressure before the extraction of oil to inactivate the lipase. By seed conditioning, 

Ayorinde et al. (1990a) were able to extract oil with no detectable amount of FFA. 

Given that high FFA in oil is known to decrease oil quality, and polymerization and 

storage capacity (Perdue, 1986), seed conditioning methods may be the best method for 

improving oil characteristics in regard to FFA. This may, however, be complicated by 

data from previous research of high levels of FFA (up to 15%) measured in intact seed 

(Sieberg, unpublished data, 1995). In this case, attention may need to focus on 

decreasing FFA by altering expression of the lipase gene(s) (Cunningham, 1997). 

Mean values for the estimated response from selection are meaningful for only 

one generation of selection (Falconer and Mackay, 1996). To make estimates about 

future response to selection, heritability would need to be determined for each new 

generation. In subsequent populations, heritability would probably decrease because one 

of the effects of selection is that gene frequencies change. This change would be 

especially significant if several loci are involved in determining the trait (Falconer and 

Mackay, 1996). In addition, variance would decrease for individual traits, again as a 

response to selection pressures. Changes in variance and heritability would begin to level 

off after several generations of selection. 
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4. Conclusion 

In this study, components of variation were determined to estimate heritability of 

specific traits using 69 half-sib families. By partitioning variance components to 

determine the additive variance, or the average effect of alleles, resemblance of parent 

and progeny was measured, and predictions were made regarding response to selection. 

Our results showed that a good response to selection can be expected for vemolic acid, 

acylglycerides, and total oil. Even though some progress can be made to lower FFA 

through selection, this may not be realized if selections for this trait are made in 

conjunction with selection for increases in the other three traits. 

For vernonia, information is now available to make informed decisions to design a 

breeding program and to make progress on improving vernonia oil quality and quantity. 

Although environment plays an important role in determining these traits, there is 

potential for good progress to be made in increasing the amount of vemolic acid, 

acylglycerides, and total oil in vernonia seed, while making some progress in decreasing 

the amount of FFA. In addition, data suggest that higher vemolic acid and total oil can 

be selected for without a simultaneous increase in FFA. 
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GLOSSARY 

Achene - single simple seeded indehiscent dry iftiiit developing from a monocarpellary 

ovary (Blackmore and Tootiil, 1984). 

Acylglyceride - lipid having one or more fatty acids esterified to glycerol. 

Acylglycerides constituent fatty acid - fatty acid(s) that make(s) up part of the 

acylglyceride molecule; may or may not be hydrolyzed from glycerol; all oil 

constituents except for the FFA. 

Capitulum (pi. capitula) - an inflorescence composed of a head of small closely packed 

stalkless florets arising from the same level on a flat axis; the entire unit is 

surrounded by an involucre of bracts. Typical of a member of the Asteraceae 

family (Blackmore and Tootiil, 1984). 

Diglyceride - an acylglyceride with two fatty acid units esterified to glycerol. 

Divernolin - an acylglyceride with two vemolic acid units esterified to glycerol. 

Free fatty acid - a component of oil that is not esterified to glycerol. 

Linoleate - salt of linoleic acid. 

Linoleic acid - 18C fatty acid with two double bonds. 

Monoglyceride - acylglyceride with one fatty acid esterified to glycerol. 

Monvernolin - monoglyceride of vemolic acid. 

Oleic acid - 18C fatty acid with one double bond. 

Oleoyl - oleic acid subunit that is esterified to a carrier molecule. 

Palmitic acid - 16C fatty acid with no double bonds. 

Seed - used to refer to the achene fruit of vernonia. 



Stearic acid - ISC fatty acid with no double bonds. 

Triglyceride - acylglyceride with three fatty acids esterified to glycerol. 

Trivernolin - triglyceride with three vemolic acid moieties esterified to glycerol. 

Vemoleate - salt of vemolic acid. 

Vemoleoyl - vemolic acid moiety esterified to a carrier molecule. 

Vemolic acid - epoxy fatty acid; cw-12:13-epoxy- c/5'-9-octadecenoic acid. 



116 

REFERENCES 

American Oil Chemists Society (AOCS), 1987. Official methods and recommended 

practices of the American Oil Chemists Society; including revisions from 1989. 

Fourth edn. Champaign, 111 

Anderson, M., Collier L., Dilliplane, R., Ayorinde, F., 1993. Mass spectrometric 

characterization otVernoniagalamensis oil. JO ACS. 70, 905-908. 

Anonymous, 1989. Vemonia, new industrial oil crop. Agric. Res. 37, 10-11. 

Anonymous, 1991. U.S. efforts focus on variety of new crops. Inform. 2, 685-692. 

Ayorinde, F., Clifton, Jr., J., Afolabi, O., Shepard, R, 1988a. Rapid transesterification and 

mass spectrometric approach to seed oil analysis. JAOCS. 65, 942-947. 

Ayorinde, F., Osman, G., Shepard, R., Powers, F., 1988b. Synthesis of azeliac acid and 

suberic acid from Vemoniagalamensis oil. JAOCS. 65, 1774-1777. 

Ayorinde, F., Carlson K., PavIikR. McVety, J, 1990a. Pilot plant extraction of oil from 

Vemonia galamensis seed. JAOCS. 67, 512-518. 

Ayorinde, F., Butler, B., Clayton, M. 1990b. Vemonia galamensis: A rich source of 

epoxy acid. JAOCS. 67, 844-845. 

Ayorinde, F., Nwanonicha C., Parchment V., Bryant, K., Hassan, M., Clayton, M, 1993. 

Enzymatic synthesis and spectroscopic characterization of 1,3-divernoloyl glycerol 

from Vemonia galamensis seed oil. JAOCS. 70, 129-132. 

Bafor, M., Smith, M., Jonsson, L., Stobart, K., Stymne, S., 1993. Biosynthesis of 

vernolate {cis-12-epoxyoctadeca-c7'.v-9-enoate) in microsomal preparations from 



117 

developing endosperm of Euphorbia lagascae. Arch. Biochem. Biophys. 303, 145-

151. 

Barrett, L., Spering, L., Murphy, C., 1993. Naturally fliiictionalized triglyceride oils in 

interpenetrating polymer networks. JAOCS. 70, 523-533. 

Berry , C., Lessman K., 1969a. Controlled crossing and inheritance of flower color in 

Vemonia anthelmintica. Heredity. 60, 75-78. 

Berry , C., Lessman K., 1969b. Dehulling and seed germination in Vernonia 

anthelmintica (L.) WILLD. Crop Science. 9, 247-249. 

Berry, C., Lessman K., White, G., 1970. Natural cross-fertilization in Vemonia 

anthelmintica Crop Science. 10, 178. 

Bhardwaj, H., Hamama, A., Rangappa, M., Dierig, D,, 2000. Vernonia oilseed production 

in the mid-Atlantic region of the United States. Ind. Crops Prod., 12, 119-124. 

Bharucha, K., Gunstone, F., 1956. Fatty acids: the preparation of 8-9-10-12-13-

tetrahyroxystearic acids, J. Chem. Soc. 1611-1619. 

Blackmore, S., Tootill, E., 1984. The facts on file dictionary of botany. Market House 

Book Limited, U.K. 

Bryant, K., Nwaonicha, C., Hassan, M., Anderson, M., Ayorinde, F., 1993. Synthesis 

and isolation of epoxy secondary amindes via direct amination of Vernonia 

galamensis seed oil. JAOCS. 70, 457-460, 

Carlson, K., Schneider, W., Chang, S., Princen, L.,, 1981, Vernonia galamensis seed oil; 

A new source for epoxy coatings. Edited by Pryde, E., Princen, L., Mukherjee, K. 

In: New Sources of Fats and Oils. AOCS Monograph No. 9. 



118 

Carlson, K., Chang, S., 1985. Chemical epoxidation of a natural unsaturated epoxy seed 

oil from Vernoniagalamensis and a look at epoxy. JAOCS. 62:934-939. 

Carlson, K., Sears, J., Darby, J., 1985. The Technology ofPlasticizers. John Wiley & 

Sons, New York. 

Cuadrado, T., Williams, R., 1989. Castor oil as a flexibilizer for anionically-polymerized 

epoxy resins. Polymer Comm. 30, 239-240. 

Cunningham, I, 1987. Zimbabwe and U.S. develop vemonia as a potential valuable new 

industrial crop. Diversity. 10, 18-19. 

Cunningham, I., 1997. Farmers and investors poised to benefit from competing efforts to 

bring new industrial oilseed crop to world market. Diversity. 13, 34-36. 

Dahlqvist, A., Stahl, U., Lenman, M., Banas, A., Lee, M., 2000. Phospholipid. 

diacylglycerol acyltransferase; an enzyme that catalyzes the acyl-CoA-independent 

formation of triacylglycerols in yeast and plants. Proc. Natl. Acad. Sci. USA. 97, 

6487-92. 

Dierig, D., Thompson, A., 1993. Vernonia and Lesquerella potential for 

commercialization pp. 362-367. In: J. Jancik and S.E. Simon (eds.) New Crops. 

Wiley, New York. 

Dirlikov, S., Frischinger, I., Islam, M., Graham, J., 1990. Vemonia oil: A new reactive 

monomer. Pol. Mat. Sci. Eng. 62, 217-221 

Earle, P., 1970. Epoxy oils from plant seeds. JAOCS. 47, 510-513. 

Falconer D., Mackay, T., 1996. Introduction to Quantitative Genetics, Fourth edn. 

Prentice Hall, Harlow, England. 



119 

Formo, M., Jungerman, E., Norris, F., Sonntag, N., 1979. Bailey's industrial oil and fat. 

Swern, D., (Ed.). John Wiley & Sons. New York, 

Frankel, O., 1947. The theory of plant breeding for yield. Heredity Lond. 1, 109-120. 

Gilbert, M., 1985. Notes on East African Vernonieae (Compositae) A revision of the 

Vernoniagalamensis complex. Kew Bull. 41,19-35. 

Gunstone, F., 1954. Fatty acids. Part II. The nature of oxygenated acid present in 

Vermmia anthelmintica (Wiild.) seed oil. J. Chem. Soc. 1611-1616. 

Haumann, F., 1991. U.S. efforts focus on variety of new crops. Inform. 2, 685-692. 

Higgins J., 1968. Vernonia anthelmintica- a potential seed oil source of epoxy acid. I. 

Phenology of seed yield. Agron. J. 60, 55-58 

Higgins, J., White, G., 1968. Vernonia anthelmintica. A potential seed oil source of 

epoxy acid, II. Effects of cultural practices, seed maturity, and after-ripening 

conditions on germination, Agron. 60, 59-61 

Jones, S,, 1966. Experimental hybridization in Vernonia (Compositae). Britonnia, 18,39-

44. 

Kaluzny, M,, Duncan, L,, Merritt, M., and Epps, D,, 1985. Rapid separation of lipid 

classes in high yield and purity using bonded phase columns, J. Lipid Res. 26,135-

140, 

Kaplan, K.,1989, Vernonia new industrial oil crop, Agr, Res, 37, 10-11, 

King, J,, Mohamed, A,, Taylor, S., Mebrahtu, T,, Paul, C,, 2001, Supercritical fluid 

extraction of Vernonia galamensis seeds, Ind, Crop Prod, 14, 241-249, 



120 

Kolattukudy, P., 1981. Structure, biosynthesis and degradation of cutin and suberin. 

(W.R. Briggs ed.). Annu. Rev. Plant Physiol. Annual Review, Inc., Palo Alto, CA. 

32, 539-567. 

Krewson, C., Ard, J., Riemenschneider, R., 1962. Vernonia anthelmintica (L.) Willd. 

Trivernolin, 1,3-divernolin and vemolic (epoxyoleic) acid from the seed oil. 

JAOCS. 39, 334-340. 

Krewson, C., Scott, W., 1964. Vernonia anthelmintica (L.) Willd. extraction of oil or 

trivernolin from the seed. JAOCS. 41, 422-426, 

Krewson, C., 1968. Naturally occurring epoxy oils. JAOCS. 45, 250-256. 

Liu, L., Hammond, E., Nikolau, B., 1998. In vivo studies of the biosynthesis of vemolic 

acid in the seed of Vernonia galamensis. Lipids. 33, 1217-1221. 

Lowry, R., Tinsley, I, 1976. Rapid colorimetric determination of free fatty acids, 

JAOCS. 53, 470-472. 

Mamood, A., Ray, D., Erickson, E., 1995. Pollination by caged honey bees 

(Hymenoptera: Apidae) and seed quantity and quality in Vernonia galamensis. Bee 

Science. 3,185-188. 

Massey, I., 1971. Harvesting Vernonia anthelmintica (L.) Willd. to reduce seed 

shattering losses. Agron. J 63, 812. 

Mayo, O., 1980. The theory of Plant Breeding. Clarendon Press, Oxford. 

McLaughlin, S., 1986. Heritabilities of traits determining resin yield in gum weed. Jour. 

Hered. 77, 368-370. 



121 

Miwa, T., Earle, F., Miwa, G., Wolff, I, 1963. Fatty acid composition of maturing 

Vernonia anthdmintica (L.) Willd. Seeds. Dihydroxyoleic acid—A possible 

precursor of epoxyoleic acid. JAOCS. 40, 225-229. 

Mohamed, A., Bhardwaj. R, Hamama, A., Webber, C. Ill 1995. Chemical composition 

of kenaf {Hibiscus cannahinus L.). Ind. Crop Prod. 4, 157-165. 

Mohamed, A., Mebrahtu, T., Andebrhan, T., 1999. Variability in oil and vernolic acid 

contents in the new Vernonia galamensis collection from East Africa, p. 272-274. 

In. J. Janick (ed.). Perspectives on new crops and new uses. ASHS Press, 

Alexandria, VA. 

Ncube, I, Gitlesen, T., Adlercreutz, P., Read, J., Mattiasson, B., 1995. Fatty acid 

selectivity of a lipase purified from Vernonia galamensis seed, Biochem. Biophys. 

Acta. 1257,149-156. 

Ncube, I., Read, J., Adlercreutz, P., Mattiasson, B., 1998. Triacylglycerides of Vernonia 

galamensis seed oil. Phytochem. 47, 723-727. 

Ologunde, M., Ayorinde, F., Shepard ., R., 1990. Chemical evaluation of defatted 

Vernonia galamensis meal. JAOCS. 67, 92-95. 

Perdue, R., 1986. Vernonia galamensis, a promising new crop for semiarid areas and the 

tropics and subtropics. JAOCS, 63, 405. 

Perdue, R., Carlson, K., Gilbert, M., 1986. Vernonia galamensis, potential new crop 

source of epoxy acid. Econ. Bot. 40, 54-68. 



122 

Perdue, R. 1988. Systematic Botany in the development of Vernonia galamensis as a 

new industrial oilseed crop for the semi-arid tropics. 1988. Symb. Bot. Ups. 

XXVIIIS. 

Perdue, R. E., Jones, E., Nyati, C. 1989. In; New crops for food and industry / edited by 

G. E. Wickens, N. Haq and P. Day. 197-207. 

Perdue, R., Tsichritzis, F., Jakupovic, J., 1993. Prevernocistifolides from Vernonia 

galamensis. Phytochem. 34, 1075-1077. 

Prieto, J., Ebri, A., Collar, C.,1992. Optimized separation of nonpolar and polar lipid 

classes from wheat flour by solid-phase extraction, JAOCS. 69, 387-391. 

Princen, L., Rothfus, I, 1984. Development of new crops for industrial raw materials. 

JAOCS. 61, 281-289. 

Qureshi, S., Manson, J., Hertzberg, R., Sperling, L., 1983. Mechanical behavior of some 

epoxies with epoxidized natural oils as reactive diluents. Abs. of Papers of the 

ACS. 185, 125. 

Riser, G., Ard, J., Witnauer, L., Hunter, J., 1962. Vernonia anthelmintica Willd. seed oil 

and salts of vernolic acid as stabilizers for plasticized poly (vinyl chloride), 

JAOCS. 39, 266-268, 

Riser, G., Riemenschneider, R., Witnauer, L., 1966. Vernolic acid esters as plasticizers 

for polyvinyl chloride. JAOCS. 43, 456-457. 

Rukunudin, I., White, P., Bern, C., Bailey, T., 1998. A modified method for determining 

free fatty acids from small soybean sample sizes, JAOCS. 75, 563-568. 



123 

Schnebly, S., Fehr, W., Weike, G., Hammond, E., Duvick, D., 1996. Fatty ester 

development in reduced- and elavated-palmititate lines of soybean. Crop Science. 

36, 1462-1466. 

Scott, W., Krewson, C., Luddy, F., Riemenschneider, R., 1963. Vernonia anthelmintica 

(L.) Willd. enzyme studies-conversion of epoxyoleic acid to (+)-threo-12,13-

dihyroxyoleic acid. JAOCS. 40, 587-590. 

Scott, W., Krewson, C., 1965. Vernonia anthelmintica (L.) Willd. The effect of storage 

on the epoxy content of the seed oil and trivernolin. JAOCS. 42, 147-149. 

Sears, J., Darby, J., 1982. The Technology of Plasticizers, John Wiley & Sons, New 

York. 

Shanklin, J., Somerville, C., 1991. Sequence of a complementary-DNA for Cumcumis 

sativus L. encoding the stearoyl-acyl-carrier protein desaturase. Plant Physiol. 97, 

467-468. 

Siddiqi, S., Ahmad, F., Siddiqi, M., Osman, S., Fenwick, G., 1984. Vernonia 

volkameriaefolia seed oil-a rich source of epoxy acid. JAOCS. 61, 798-800. 

Smith, J., Jr., 1977. Vascular Plant Families. Mad River Press. 

Sperling, L., Manson, J., Murphy, C., 1983. Polymer applications of Renewable-

Resource Materials, edited by C.E. Carraher Jr. and L.H. Sperling, Plenum 

Publishing Co., New York. 

Taiz, L., Zeigler, E., 1991. Plant Physiology. The Benjamin/Cummings Publishing 

Company, Inc. 



124 

Tallent, W., Cope, D., Hagemann, J., Earle F., Wolff, 1., 1969. Identification and 

distribution of epoxyacyl groups in new, natural epoxy oils. Lipids. 1, 335-340. 

Teynor, T., Putnam, D., Oplinger, E., Oelke, E., Keiling, K., Dol, J., 1992. Alternative 

field crops manual; University ofWisconsin Cooperative or Extension Service, 

Department of Agronomy, Madison, WI; Center for Alternative Plant and Animal 

Products, University of Minnesota, St. Paul, MN. 

Thompson, A., Dierig, D., White, G,, 1992. Use of plant introductions to develop new 

industrial crop cultivars. CSSA Special Publication no. 20, 9-48. 

Thompson, A., Dierig, D., Johnson, E., Dahlquist, G., Kleiman, R., 1994a. Germplasm 

development of Vernonia gaiamensis as a new industrial oilseed crop. Ind. Crop 

Prod. 3, 185-200. 

Thompson, A., Dierig, D., Kleiman, R., 1994b. Characterization of Vernonia gaiamensis 

germplasm for seed oil content, fatty acid composition, seed weight, and 

chromosome number. Ind. Crop Prod. 2, 299-305. 

Thompson, A., Dierig, D., Kleiman, R., 1994c, Variation in Vernonia gaiamensis 

flowering characteristics, seed oil and vernolic acid content. Ind. Crop Prod. 3,175-

183. 

Trumbo, D.L., Rudelich, J.C., Mote, B.E., 1999. Applications of vernonia oil in coatings, 

p. 267-271. In: J. Jancik (ed.). Perspectives on new crops and new uses. ASHA 

Press, Alexandria, VA. 



125 

Vaghela, M,, Kilara, A., 1995. A rapid method for extraction of total lipids from whey 

protein concentrates and separation of lipid classes with solid phase extraction. 

JAOCS. 72, 1117-1121. 

Vavilov, N., 1935. Theoretical bases of plant breeding. Moscow. 

Voelker, T., Kinney, A, 2001. Variations in the biosynthesis of seed-storage lipids. 

Annu. Rev. Plant. Phys. 52, 335-361. 

White, G., Bass, L., 1971. Vemonia anthelmintica. A potential seed oil source of epoxy 

acid. III. Effects of line, harvest date and seed storage of germination. JAOCS 63, 

439-441. 

White, G., Earle, F., 1971. Vernonia anthelmintica: A potential seed oil source of epoxy 

acid. IV. Effects of line, harvest date and seed storage on quantity and quality of oil. 

JAOCS. 63, 441-443. 

Wypych, J., 1986. Polyvinyl Chloride Stabilizations. Elsevier, Amsterdam. 


