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ABSTRACT

The meadowfoam plant is a moisture-loving native of the west coast of the North
American continent near the borders of USA and Canada. It has recently stirred great
interest in the chemical oil industry due to the potential of its seed oil to substitute for
sperm whale oil. Due to the relative lack of published literature on this plant, an

experiment was planned to study the quantitative genetics of some of its characters.

Thirty-six half-sib families were planted and the following characters were
examined: plant height; diameter; uprightness; intensity of redness on branches and its
distribution; leaf shape; period to first flower; seed set; mature seed retained; degree of
seed shattering; and thousand-seed mass. Factor analysis was also performed on the

flowering pattern of the plants.

Results indicated that all characters were heritable in the broad-sense, and all but
two characters (diameter and degree of seed shatter) had significantly heritable narrow-
sense heritabilities. The amount of genetic variability present in this species is also very
high. Plant improvement methods based on selection are therefore recommended.
Predictions on genetic advance show that the characters plant height, seed retention, leaf
shape, and red intensity and distribution on branches showed greatest promise for rapid

improvement.
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1.0 INTRODUCTION

1.1 Historical background to the meadowfoam plant

The meadowfoam plant (Limnanthes alba) has gained considerable interest
due to the potential of myriad uses of its seed oil where industrial applications are
concerned. It was first identified in the 1950s when the U. S. Department of
Agriculture (USDA) conducted an extensive program to search for new crops
amongst untested plants. The ideal new crop-plant candidate should fill a present or
anticipated need and its usefulness should not compete with existing crops. This was
done in part to alleviate the problems of massive surpluses of major food crops every
year. Potential plant products and applications sought include cellulosic compounds
for the pulp and paper industry, proteins for animal feed and industrial use, useful
polysaccharides other than starch, natural toxins useful for pest and pathogen control,

alkaloids, waxes, and unique vegetable oils (Earle et al., 1959).

In the search for new plant products, oils receive special attention primarily
because it has higher economic value per unit volume than proteins or fibres. It also
has many applications in industry, the prime vehicle for value-addedness to a natural
product. Industrial trends indicate increasing usage of oils as chemical intermediates
in industry. It was of no surprise then, that greater interest was stirred when
Limnanthes oil was named in 1971 as the most promising substitute for sperm whale
oil (Limnanthes oil, together with Crambe abyssinica and Simmondsia chinensis
(jojoba) oils were considered as possible substitutes for sperm whale oil (Hagemann
and Rothfus, 1981)); after all sperm whale products were banned in 1969 when the
Endangered Species Conservation Act was passed in the USA (Jolliff, et al., 1981).



If successfully domesticated, demand for Limnanthes oil is expected to be
strong, given that the US alone consumed 50 million pounds of sperm whale oil
annually until 1972 for use in cosmetics, waxes, pharmaceuticals, lubricants, etc.
Before attention was focused on its seed oil potential, the only cultivated species of
Limnanthes was L. douglasii for its ornamental flowers (Purdy and Craig, 1987). The
short life cycle and genetic variability suggests great potential for rapid crop
improvement. The Limnanthes plants appeared to be efficient in the processing of raw

matter and also produced a high ratio of seed to vegetative matter.

The seed oils are valuable because more than 95% of the fatty acids contain
20 or 22 C-chains which are mainly unsaturated at the SC but sometimes at the 13C.
This makes them suitable for a wide plethora of industrial uses such as waxes,
lubricants, detergents, and plasticizers. Natural Limnanthes oil can be made into a
liquid wax similar to jojoba oil, and when fully hydrogenated, a high quality solid
wax about as hard as carnauba and candelilla waxes can be obtained. The oil content
of Limnanthes seeds vary from 25-33% but fatty acid content of the Cy:1 type can be
as high as 52-77% of the total seed oil (Higgins et al., 1971).

1.2 Use of biometrics in plant improvement

Quantitative genetics deals with those traits which are expressed in a
continuous spectrum rather than discrete classes. Most economic traits relating to
yield fall within this definition. The manipulation of variation caused by genetic
factors through breeding and selection forms the backbone of most plant breeding
programs. The objective of plant breeding research is to enable better manipulation of

these variations so that the desired qualities are realised.



2.0 MEADOWFOAM REVIEW

2.1 Limnanthes systematics

Limnanthes alba belongs to the family Limnanthaceae which is endemic to the
west coast of the North American continent (Ornduff, 1971). Plant material was taken
to England by David Douglas where the genus Limnanthes was first described in
1833 by Robert Brown. It is always found in very moist soil or even shallow water in
valleys, foothills and mountains. Its name is derived from limne - marsh, and anthos -

flower.

The family Limnanthaceae only has two genera: Limnanthes and the
monotypic Floerkea (F. proserpinacoides). The differentiation into two genera is
debatable (Floerkea and Limnanthes), even Brown remarked “examination proved
these two plants to be so nearly akin that they might perhaps be included in the same
genus.” (Mason, 1952). The two genera are annual herbs, with the greatest species
diversity in California. Mason describes 8 species and 11 varieties but two more

species have since been added to this total.

F. proserpinacoides differs from Limnanthes in that it often occupies shaded
and moist habitats and can be found widely from the Pacific to Atlantic Coasts. It is
often overlooked because of its inconspicuous greenish flowers. The two genera are
distinguished by flowers and cotyledons. Floerkea has hypogeous cotyledons and
trimerous flowers, while Limnanthes has epigeous cotyledons and pentamerous
flowers (except for L. macounii which has tetramerous flowers). Both have n = 5. The
choice of the two characters for division into genera within the family seems to be
arbitrary because many genera of angiosperms have different cotyledon positions
within the same genus and this is sometimes under simple genetic control (e.g.: Acer,
Theobroma, Phaseolus). The merosity of flower parts also vary within genera in other
families (Omduff and Crovello, 1968).



Limnanthes is naturally distributed on the Cascade-Sierra Nevada Range in
northern California and southern Oregon, excluding L. macounii which is found on
Vancouver Island in British Columbia (see Fig. 1, overleaf). The natural habitats of
meadowfoam is along vernal streams, meadows, pools, or moist depressions of the
valley grasslands in California and southern Oregon. It is observed to be tolerant in
standing water provided several leaves can grow above the water surface. It is
therefore suitable to be grown in poorly drained areas (Calhoun and Crane, 1978). The
plant grows vegetatively during the cool climates and then matures rapidly during the

warmer and drier climates before rapidly dying off (Higgins et al., 1971).

In the Pacific coast of the USA, Limnanthes germinates in the late fall and
completes its life cycle by April or June (Pierce and Jain, 1977). Mason (1959) reports
that the warmer and longer days promote flowering. The soil pH requirements of
Limnanthes are usually in the slightly acidic range of 5.5-6.7. L. alba is reported to
grow on a soil pH of 6.2. The only known exception is L gracilis gracilis which
grows in a soil pH of 7.2. All species of Limnanthes require wet to moist soils during

germination and growing phases (Gentry and Miller, 1965).
The genus Limnanthes is again differentiated into two sections, depending on
how the petals and sepals fold after flowering (Gentry and Miller, 1965). Those that

fold outwards are grouped under section Reflexae and include the following species:

Section Reflexae

L. douglasii R. Br. (Robert Brown) var L. douglasii var rosea (Benth) C. T.
douglasii Mason

L. douglasii var sulphurea C. T. Mason L. striata Jepson

L. douglasii var nivea C. T. Mason L. bakeri J. T. Howell

L. macounii Trel.
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The other section has inward folding petals and sepals and are accordingly
named section Inflexae. This section is considered more promising for domestication
because it is regarded as being less prone to seed shattering. The species included in

this section are:

Section Inflexae L. alba Benth var versicolor (Greene)
C. T. Mason

L. gracilis Howell var gracilis

L. gracilis var parishii (Jepson) C. T.
Mason

L. montana Jepson

L. alba Benth var alba

L. floccosa Howell var floccosa

L. floccosa var bellingeriana (Peck) C.
T. Mason

L. floccosa var pumila (Howell) C. T.
Mason

Member species of the Inflexae section retain their seeds very well.
Exceptional species highlighted were L. alba alba and L. floccosa. However, the
entire flower head drops off during maturation of the latter species, therefore leaving
L. alba alba as the species most promising as a potential crop where seed retention

properties are concerned.

Members of the Reflexae group were less favoured because seeds from earlier
flowers fall and are lost while the later flowers were still developing. It was also
necessary to pull out the entire plants and let them dry on canvas sheets so that the
seeds could be harvested. Gentry and Miller (1965) estimates that 10-20 % of seed

production was lost or curtailed in this operation.

Member species between the two sections generally do not hybridise very
well. The sole intersectional hybridisation known to be successful is that of L.

macounii x montana (Ornduff, 1971).

Ecological survey of the genus showed a wide range of adaptability to
different soil and weather conditions. This may be representative of the wide range of
genetic diversity present in the genus. There also seems to be sufficient variability in
growth form and seeding rates which should make selection for domestication

promising. There is also some ability for interspecific crosses, this is important



because domestication usually involves some form of crossing within varieties or

species within the genus (Miller et al., 1964).

2.2 Habitat and life cycle

Seed germination occurs during the wet seasons of late autumn and winter.
Flowering and seed production corresponds to dry conditions during spring.
Limnanthes alba is suited to wet habitats exposed to full sun. It occurs mainly on the
eastern margin of the Sacramento Valley of California and in the adjacent foothills of
the Sierra Nevada from Merced County, north to Shasta County, along stream sides
and pool edges, and in damp meadows. On the valley edge it is restricted almost

entirely to the edges of vernal pools and ephemeral streams (Arroyo, 1973a).

As noted earlier by Gentry and Miller (1965), all species of meadowfoam
require high levels of moisture for growth. The requirement by Limnanthes alba for
wet habitats has been characterised by Pearson and Jolliff (1985). They discovered
that, unlike many other crops, meadowfoam maintained an unusually high water
potential which did not fall below -0.8 MPa. Furthermore, the stomata close even
earlier before this level of water deficit was reached, at between -0.5 to -0.7 MPa.
Their results suggest that stomata in meadowfoam leaves are sensitive to differences
in leaf turgor between the guard cells and neighbouring cells, and stomata closure is
independent of the overall leaf turgor. Hence stomata of meadowfoam plants are
particularly sensitive to water stress, with very low tolerance to internal water deficits.
Other than sensitive stomata, another factor which contributes to the low internal
water deficit is the extensive fibrous root system. Pearson and Jolliff (1986a) has
found that the roots were capable of extracting water at up to 150 cm of soil depth,
although most of the water was obtained from the first 75 cm. While this may seem an
over-stringent requirement for water, L. alba is considered to be less demanding of

water amongst the genus (Gentry and Miller, 1965).



Preliminary studies by Brown and Jain (1979) have shown that Limnanthes is
a long-day plant which requires 12-16 hrs of light for flowering. By manipulating
light conditions, it is possible to grow three generations of plants in a year. Other
information as measured during the study include:

Days to flowering ~ 123.5 days (6 10.7);
No. of flowers per plant ~ 18.2 (¢* 56.8);
Seed set per flower ~ 2.5 (67 0.83):;
Fecundity ~ 41.5 seeds per plant (6° 50.4).

The meadowfoam plants in their wild state are generally deemed unsuitable
for commercial cultivation for a number of reasons. The following are some of the
reasons as observed by Jolliff et al.(1981). Firstly, the plants are too short and have a
severe prostrate growth habit which makes harvesting difficult. Protandry of the L.
alba species results in heavy reliance of pollinator activity to effect fertilisation for
seed yield, which can be unreliable. Plants in the genus exhibit seed shattering soon
after maturity, representing a major loss of seed harvest. Finally, there is the tendency
for seeds to enter secondary dormancy following a period of warmth (higher than
16°C). All of these qualities no doubt helped to contribute to its success in the natural

habitat, but they serve only to frustrate the commercial grower.

2.3 Unique characteristics of Limnanthes seed oil

All the seed samples were relatively rich in oil (20-33%) and the amount of
protein also ranged from 21-34%. This shows promise as both an oil crop and also as
an animal meal (Miller et al., 1964).

Earle et al. (1959) reported that meadowfoam seed oil was unusual because it
had longer retention times in the gas chromatograph than common 18-carbon plant
oils. Of the four oils, only erucic acid (a cis-13, 22-carbon monoene) was identified.
One of the unknown fatty acids was identified by Bagby et al. (1961, cited in Calhoun
et al., 1981) as cis-5, cis-13 docosadienoic acid. It was not until 1969 that Smith et al.
identified the other two unknown fatty acids as cis-5 eicosenoic acid; cis-5-

docosenoic acid; and cis-13-docosenoic acid (Calhoun et al., 1981).



While the fatty acid components of Limnanthes oil had been elucidated early
on in its research, it was not until 1990 that Nikolova-Damyanova et al. managed to
reveal the structure of the triacyglycerols, specifically that for Limnanthes alba. The
resolving power of the high-performance liquid chromatography in reversed-phase
mode revealed the 18 chemical species of triacylglycerols, with two other unknowns.
Of these, three were more outstanding, and are presented in order of the fatty acid
components: (AS5-Cz0.1)(AS-Cs0.1)(A5-Cao.1) at 28.6%; (AS-Cy01)(AS5-Cao:1)(A 5,13-
Ca22) at 22.8%; (AS-Cao.1)(A5-Cap:1)(A13-Cypy.1) at 15.0% (the A notation indicates the
position of the double bond; while Cx.y refers to X number of carbon and Y number
of double bonds). Altogether, these 3 triacylglycerols account for more than 66% of
the seed oil content. Their results also showed that the top three fatty acids were cis-5-
eicosenoic acid at 66.6%:; cis-5,13-dodecasenoic acid at 16.0%; and cis-13-eicosenoic
acid at 8.4%; accounting for 91% of the fatty acids in Limnanthes oil. The remaining

fatty acids range from 16- to 22-carbon atom chains.

Fatty acid compositions show considerable variation in oil content. The study
by Pierce and Jain (1977) showed that 9 out of 35 populations produced seeds where
above 15% of the seed oil components were made up of the Cy, fatty acid; 4
populations had above 20% of the seed oil of the same fatty acid; while 8 populations
had less than 10% of that fatty acid. The composition of the Cy;.; showed a similarly

wide variation from 12.5% to 29.2% in seed oil composition.

The cis-5-eicosenoic acid isolated from Limnanthes oil is unique, no other
fatty acid with a double bond in the carbon-5 position has been recorded in either
plant or animal products as a constituent of a triglyceride (Smith et al., 1960). The
more usual position for an unsaturated bond in fatty acids would be at the 3» position,
with n being a small integer. It can be argued that cis-5-eicosenoic acid conforms to
this ‘convention’ (where n=5) by counting from the end opposite the carboxylic acid
group, although this practice is counter to conventional numbering systems in organic
chemistry nomenclature. However, a double bond at the carbon-5 position does exist
in polyunsaturated fatty acids, such as the essential 5,8,11,14-eicosatetraenoic
(arachidonic) acid. Other monounsaturated fatty acids which do not ‘conform’ to the

3n ‘rule’ also exist, such as 11-octadecenoic (vaccenic) acid.



The location of the cis-double bond which is unusually close to the acid group
in the carbon chain (5C position) makes the molecule more versatile in transformation
to other chemical derivatives. This is because the cis-double bond creates a greater
kink in the carbon chain than a trans-double bond. At the same time, the position of
the double bond near the carboxyl group (-COOH) also means that the straight portion
of the carbon chain is shortened, and that the kinked portion of the carbon chain starts
sooner. Both these factors means that the presence of a cis-5-carbon double bond
results in a highly kinked molecule. In physical terms, the inter-molecular bonds are
greatly weakened by the kinks, and the fatty acids stay in the liquid (oil) phase even at
low temperatures and do not solidify into fats (Purdy and Craig, 1987). Another
advantage of these unique positions of unsaturation is that they impart stability to the
oil at high temperatures and make synthesis of chemical derivatives otherwise not
possible or which had been more difficult to accomplish. It represents a renewable
resource of hard wax, wax esters (as a sperm whale oil substitute), fatty alcohols and
the long C chain fatty acids are useful for various industrial applications (Calhoun and
Crane, 1978).

Limnanthes oil is also unusual among vegetable oils because it contains more
than 95% fatty acids of 20- or 22-C chain while others more commonly possess 16- or
18-C chains such as cottonseed and soybean. The other common source of Cyg or Cs;
fatty acids would be from fish oil such as herring oil. Even these sources only contain
about 40% of these long-chain acids, as compared to 90% or more for Limnanthes oil.
Another attraction of Limnanthes oil over fish oil is its relative lack of double bonds
in its oils, which is an advantage for hydrogenation into wax products (Jolliff er al.,
1981). This led to the suggestion that the seed oil could be used as a high temperature
lubricant, since larger molecules do not vapourise as easily as smaller molecules. The
oil is also known to be extremely resistant to oxidation (Muuse et al.,, 1992 cited in
Jolliff et al., 1993), not only because it has a long carbon chain with few double
bonds, but also because the delta-5 position of its double bond is more stable than one

in the middle of the fatty acid (Janick and Simon, 1990).
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The unusual position of the unsaturated bond so close to the carboxyl acid
group means that it is potentially very versatile in chemical transformations and
should find wide-spread use in many industrial applications (Miller ef al., 1964). By
comparison, the unsaturated bond or bonds in fatty acids from cotton or soybean
occur at the 9th, 12th, and/or 15th carbon atom from the carboxyl end. Rapeseed and
crambe oils are similar to Limnanthes because they contain up to 50% of erucic acid,
which also has a 22-carbon chain but is unsaturated at the 13th C-atom. A comparison
between rapeseed, crambe and meadowfoam oil is shown in table 1. The discovery
that three of the four fatty acid chains were new prompted the interest in
seed oil from this genus. (Gentry and Miller 1965). All the Limnanthes seed oils
contain the same major constituent oils but in varying proportions. Other common
fatty acids such as palmitic, stearic, oleic, linoleic, arachidic and myristic, occur in

much smaller quantities (Pierce and Jain, 1977).

TABLE 1
Typical Compositions of Long Chain Fatty Acid Sources
Meadowfoam Rapeseed Crambe

18:1 2 17 15
18:2 0.5 14 8
18:3 5 7 4
Other < C:20 1 3 3
20:0 0.5 0.5 1
20:1 (A5) 62.5 - -
20:1 (213) - 9 4
22:1 (A5) 25 - -
22:1 (Al13) . 12 ' 48 39
22:2 (A5. A13) 18 - -
Other > C:18 : 0.5 0.5 6
Total C:20+ 96.5 - 60 70

[Source: Purdy and Craig, 1987]
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2.4 Novel oil extraction and content determination methods

Other than the conventional methods to extract vegetable oils used by industry,
a novel way to maximise the yield of long chain fatty acids has been developed. This
involves low temperature crystallisation of the L. alba acids in acetone (initial 0.05
g/ml) at -50°C which enriches eisosenoic acid in the precipitated fraction to 74%,
while concentrating docosadienoic acid (70%) in the supernatant fraction (Chang and
Rothfus, 1977).

Qil content determination is usually carried out by nuclear magnetic resonance
(NMR) spectroscopy. A slight disadvantage to this method of oil determination is its
destructive effect on the seeds, which can pose a problem to plant breeders with
limited seeds that can be used for cultivar development. Patrick and Jolliff have
recently (1997) demonstrated a non-destructive method for single-seed oil
determination using near infrared transmission (NIT) spectroscopy. While the authors
concede a slight drop in accuracy, the errors incurred using NIT is similar to NMR.
NIT spectroscopy is advocated as a fast, efficient, and non-destructive way of

determining seed oil content.

2.5 Industrial uses of Limnanthes oil

From the fatty acids with unsaturation at the carbon-5 position, numerous
chemical intermediates have been derived: lactones; diepoxides; polymer mould-
release agents; superior quality factises for rubber manufacture; dimer acids for
polyamide synthesis; estolides for lubrication; and the chemical synthesis of hydroxy
fatty acids. By using oxidative cleavage of the cis-5 double bonds, other acids such as
pentadecanoic, glutaric, and suberic acids can be synthesised. Sulphurised
meadowfoam oil has also been shown to be potentially useful for lubrication (Hayes
and Kleiman, 1993). Erucic (cis-13-docosenoic) acid is currently used in its
erucamide form as a slip agent during the manufacture of polyethylene sheets.
Another use for it is as the sulphur polymer ‘factice’ in the rubber industry (Jolliff et

al., 1981). Its products can also be used as plasticisers, surfactants, and lubricants.
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The other product left after fatty acids have been extracted would be glycerine.
Glycerine is a common plant product obtained from numerous other oil sources as
well. Some applications for it include paints, pharmaceutical products, baking aids,

and also tobacco moisturiser (Anthony et al., 1993).

The seed oil is deemed suitable as a suitable substitute for sperm whale oil due
to the presence of its 20 and 22-C chain oils. Jojoba (Simmondsia chinensis) is
another plant which is known to have 20 and 22-C straight chains in high
concentrations. Using known processes of hydrogenation, the Limnanthes oil can be
converted to a wax similar to jojoba. It has applications in plasticisizers, lubricants
and detergents (Pierce and Jain, 1977). The long chain monoene and diene acids of
Limnanthes oil are useful for synthesising diene and tetraene wax ester intermediates

for prospective lubricant additives and PVC plasticisers (Chang and Rothfus, 1977).

Current commercial application of meadowfoam oil has been limited to high-
value personal care products. The isopropyl esters of meadowfoam oil have a very
low cloud point (-17°C) and low viscosity (10cp at 25°C), which is attractive to the
cosmetic industry as it enables rapid adsorption into the skin (Purdy and Craig, 1987).
As the price drops through improved agronomic qualities and utilisation experience, it
is expected to have more widespread commercial uses that will reach the end-
consumer (Patrick and Jolliff, 1997). Towards this aim, one of the objectives of the
Oregon Meadowfoam Growers Association is to make the price of high quality
meadowfoam oil drop to US$0.50 Ib™' in the near future (Purdy and Craig, 1987) .

Limnanthes seed oil may be converted to a jojoba oil-like substance by
reactions already commercially practised (Miwa and Wolff, 1962). This means that all
the potential uses of jojoba oil can be applicable to Limnanthes as well.

Hydrogenation of these oils give it a good hardness and high melting points.
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2.6 Oil content

The major fatty acid component was cis-5-eicosenoic acid (20-C) at 52-77%.
The others were Cys.; 8-29% Cas2 7-20%. Oil content from the seed ranged from 20-
33% (Pierce and Jain, 1977). Fatty acids of longer carbon chains and higher levels of
unsaturation are known to be an adaptive response to colder environments (Pierce and
Jain, 1977). Perhaps that could account for its similarity to sperm whale oil, where
one of its physiological roles would be to insulate against the cold in ocean depths. In
light of this, perhaps more accessions could be sourced from colder climates as
natural selection might produce populations with a naturally higher composition of
Cy,., fatty acids.

2.7 Potential use as animal feed

The meal remaining after oil extraction contains 21% crude protein (see table
2 for amino acid composition), 27% acid detergent fibre and 4.2% total glucosinolates
(Throckmorton et al., 1982). The glucosinolates were mainly (90%) meta-methoxyl
benzyl glucosinolate, with most of the remainder being 2-hydroxy,-2-methyl propoyl
glucosinolate (Purdy and Craig, 1987). The glucosinolates have been shown to have
adverse effects in non-ruminant animals, such as heamolytic anaemia in cattle, as well
as goitre in humans (Ellis, 1990). However, there was satisfactory performance of
lambs fed on raw meadowfoam meal (Throckmorton et al., 1982). Miller and Cheeke
(1986) had also shown that raw meadowfoam meal may be used for beef cattle at up
to 25% of their diets. Their results showed no overall difference in performance of
beef cattle, although there was reduced average daily gain for the first four weeks.
The authors attribute this to the presence of glucosinolates which affects palatability
of the meal to cattle. However, there is evidence to show that meadowfoam meal may
cause goitre in the offspring of goats (Jolliff ez al., 1981; White and Cheeke, 1983), so
meadowfoam meal should be avoided during cattle pregnancy until further research
isolates the cause of this malady. Perhaps one of the more obvious improvements that

can be made to meadowfoam meal is the reduction of glucosinolate levels.
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T e e TR e e e e s e
TABLE 2 -
Amino Acids in Meadowfoam Protein

(g/16 g Nitrogen)

Cysteine (half) 1.1 Lysine - = - 5.1
Tyrosine 26 Arginine . © 4
Glycine - ' 6.2 Methionine 1.3
Serine - . 39 Histidine 24
Alanine - 40 Threonine - - 31
Aspartic acid 7.8 Leucine 64
Glutamic acid 16.4 Isoleucine 33
Proline 43 Valine : 42

Ammonia 26 Phenylalanine 15

[Source: Purdy and Craig, 1987]

- 2.8 The choice of L. alba as a candidate for oil yield domestication

L. alba seems to be best suited for domestication and cultivation en masse
because it is believed to possess superior seed retention properties in the genus, and
due to its relative erect growth habit (Purdy and Craig, 1987). Preliminary studies in
yield have resulted in around 2000 kg ha”, which is economically promising (Higgins
et al., 1971). L. alba also had high percentage viable pollen; of the 890 seeds counted
only 22 were aborted (97.6% live seeds). This high reproductive success is important
if seed yields were to be high.

L. alba is further classified into two subspecies: L. alba alba and L alba
versicolor, which can be distinguished by several phenotypic traits. Limnanthes alba
versicolor has white flowers that age pink, glabrous herbage and calyx; smooth to
wrinkled nutlets; they are found in Sierra Nevada foothill area and in the mountains.
Limnanthes alba alba has white flowers that does not age pink, pubescent herbage
and calyx; tuberculate nutlets; and are mainly found in Great Central Valley of
California. The two varieties are easily crossed and many viable seeds are obtained
(Mason, 1952).
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L. alba alba was reported to grow abundantly in fallow cultivated fields from
Sacramento to Chico in California and appears to be best suited for light sandy soils
and are also well-adapted to growing in valley slopes. As a result, L alba has less
stringent water requirements. It is suggested that because this habitat was formed less
than a hundred years ago, L. alba alba represents a fairly recent adaptive species in
the genus. This rapid evolution is promising for domestication as it represents great
potential for genetic improvement, being pre-adapted to soil conditions similar to
cultivated lands. Gentry and Miller (1965) also indicated that the wild plants set seed
profusely. Seed counts varied from 20-50 per plant in crowded conditions and up to
1000 per plant in diffuse conditions. While the maximum nutlet yield per flower is
five, a reduction of the full complement frequently occurs as a result of inadequate
pollination activity. This reduced number means that the resulting nutlets which

develop tend to be of a larger size.

L. alba is predominantly an outbreeder and is slightly protandrous, with the
delay between anthesis and stigma maturation ranging between one and three days.
However, self-pollination is possible in L. alba. Emasculation does not hinder
fertilisation or seed development. Foreign pollen was effective in fertilisation and
subsequent seed formation. Therefore, L. alba is self-compatible and can also be

easily cross-pollinated (Devine and Johnson, 1978).

2.9 Comparisons between L. alba and L. douglasii

It was earlier mentioned that L. douglasii was already a cultivated species used
for ornamental purposes. However, as an oil crop, L. alba would be more promising.
Comparing seed yields, L. douglasii produces large quantities (seed set efficiency
0.49-0.73) of small sized seeds, but L. alba produces fewer (seed set efficiency 0.40-
0.61) and larger seeds. The seed weight of L. alba is higher than that for L douglasii
(0.63-0.71 g 100", mean 0.67g 100 for the former c.f. 0.39-0.52g 100", mean 0.48g
100" for the latter) (Pierce and Jain, 1977). It would seem that seed size and seed
numbers were compensating components of both species, and this was supported by

Krebs and Jain (1985). They found that yield in L. douglasii populations was
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correlated to seed set efficiency but not with seed weight. However, the reverse was

true for L. alba.

For both species, L. douglasii and L. alba, there was a negative correlation
between yield and days to full bloom, indicating that yield is greater with early
flowering species. Yield was also positively correlated with floral asynchrony, so
extended flowering time should be encouraged to maximise yield (Krebs and Jain,
1985). Based on these traits, L. douglasii would be superior since it has earlier
flowering, and greater asynchrony of flowering (28 days of flowering c.f. L. alba with
21 days of flowering, on average), possibly aided by its more rapid development of a

large leaf area index (Pierce and Jain, 1977).

Ultimately, the deciding factor was seed oil content, which swung the balance
in favour of L. alba. The mean oil content of L. alba, at 26.9%, is higher than that for
L. douglasii (22.05%) (and also higher than L. floccosa [21.7%], the other member of
the Inflexae section with low seed shattering). This could be the result of a positive
correlation between oil content and seed weight when comparing between the two
species (r = 0.62; P < 0.01) (Pierce and Jain, 1977).

Another advantage of L. alba over L. douglasii was its shorter branch length.
This may enable higher planting density to achieve greater yield per unit area (Pierce
and Jain, 1977). The benefit of short branches was also supported by Krebs and Jain
(1985) when they reported that shorter branch length (high first node to total branch

length ratio) were associated with high yielding varieties of L. douglasii.

In addition, L. alba is preferred as the species for domestication due to its
better seed retention, erect growth habit, and determinate growth. In light of the
strengths of L. douglasii, if L. alba were to be the main species targeted for
domestication, then more flowers per plant may be a good approach, coupled with

early flowering and extended flowering period (Krebs and Jain, 1985).
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2.10 Cultural notes on growing Limnanthes alba

The University of California, Davis, was one of the first institutions to do
breeding work on Limnanthes. In 1976, a variety of L. alba called “Foamore”,
developed by Dr. Wheeler Calhoun (Brown et al., 1979), was released for commercial
production in Oregon. The “Foamore” cultivar was developed from an accession
collected from northern California. It was after the release of this cultivar that more
research was carried out to improve the understanding of yield components in

meadowfoam.

2.10.1 Temperature

The best temperature for germination were around 16°C, or below. The
optimum temperature for germination varied amongst species in the genus, from as
low as 4°C for Limnanthes alba to 16°C for L. douglasii. The variation in optimum
germination temperature within the genus may be due to the variety of natural habitats
occupied by the species; from near sea level to as high as 5500 ft (more than 1800 m)
above sea level, and from milder climates to severe summers and winters. In general,
species with a broader range of optimum germination temperatures tend to be
distributed over many habitats, while those limited to narrow climatic conditions also

have more exacting requirements for germination (Toy and Willingham, 1966).

The rates of germination for Limnanthes alba at various temperatures are shown in

table 3:

Table 3: Germination rates of Limnanthes alba at various temperatures

Temperature (°C) Germination rate (%)
4 83
10 76
16 50
21 11.3
25 0
cooled from 25°C to 9°C 9
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2.10.2 Secondary dormancy following warm temperature treatment

Following the discovery that Limnanthes seeds germinated poorly at high
temperatures, Toy and Willingham (1967) also went on to investigate the extent of
secondary dormancy induced in various species of Limnanthes. They subjected
Limnanthes seeds to temperatures around 27°C for varying periods up to 14 days and

tested their germination.

It was discovered that Limnanthes alba versicolor, and Limnanthes striata had
very few seeds becoming dormant. Limnanthes alba alba, however, became
increasingly dormant the longer the temperature was maintained at 27°C, with
germination dropping from 77% without the warmth exposure to only 19%
germination after 14 days of warmth exposure. A similar trend was also exhibited by
L. bakeri, L. douglasii nivea, L. floccosa floccosa, L. gracilis parishii, and L.
montana. For two subspecies, L douglasii douglasii and L douglasii rosea, the
reaction to warmth was almost immediate, with germination dropping to 11% and
14% respectively after only 2 days’ exposure to warmth. To prove that the seeds were
not killed by the heat treatment and were indeed dormant, Toy and Willingham
successfully revived most of the seeds after a period of dryness and then moisture at

cool temperatures.

As Limnanthes plants are winter annuals, warmth-induced secondary
dormancy serves as a protective mechanism in the event that heavy rains fall before
winter. In their native habitats, seasonal rainfall usually occur in winter, and this
mechanism helps to prevent them from germinating out-of-season when weather
anomalies occur. However, it may be useful for the grower to obtain seeds which have
this protective mechanism disabled. In this case, breeding with L. alba versicolor or

L. striata may be desirable with this objective in mind.
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2.10.3 Breaking of dormancy

Under natural conditions, cool and dark conditions are the most encouraging
for germination of meadowfoam seeds (Toy and Willingham, 1966; Cheng et al.,
1997). To further encourage the breaking of dormancy, chemicals such as KNO;
(Mmolawa, 1990, cited in Cheng et al., 1997) and gibberellic acids GA4,7 (Hilhorst
and Karssen, 1988) may be added to meadowfoam successfully (Cheng et al., 1997).
It was found that pre-chilling need not be recommended for optimum germination
results; and that an alternating temperature regime such as 12 hours each of warmer
and cooler temperatures may help to desensitise the seeds against becoming dormant

at the higher temperature (Cheng et al., 1997).

2.10.4 Flowering period and seed vyield

Populations which were early-flowering gave the highest yield (Jain and
Abuelgasim, 1981). This may possibly be due to the longer period of time which the
plant can divert resources into seed production (average seed-fill period was found to
be 30-31 days (Fiez et al,, 1991a). Krebs and Jain (1985) found that in addition to
early-flowering, asynchrony in flowering, where flowering period is extended, is also
a strong predictor to high yield. Early flowering (or the termination of vegetative
growth) may be encouraged by having higher temperatures (maximum and minimum)
in early spring, and also by having higher photon flux densities prior to flowering
(Fiez et al., 1991a).

2.10.5 Drainage and seed yield

Seed yields were not affected by soil water levels. Drainage did not increase
the amount of seed produced (Calhoun and Crane, 1978). This comes as no surprise
given the findings of Pearson and Jolliff (1985) about meadowfoam’s low tolerance to

internal water deficits (see pp 5-6 of this review).
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2.10.6 Photosynthesis during maturity

It was found that the flowering period coincided with leaf senescence, with the
leaf area index being at 0.1-0.2 at last bloom (Fiez er al, 1991b). With leaf
senescence starting shortly after anthesis, this means that assimilates being channelled
into seeds were derived from a source other than the current photosynthates produced
from leaves. A clue to where the other photo-assimilates may come from was offered
by Seddigh ef al. (1993) when he found that sepal photosynthesis differed from leaf
photosynthesis by less than 3 umol CO; m’s”, and the rate was even more than
double that of leaves of early flowering plants. Having higher temperatures and
stronger sunlight hours in early spring enables the plant to accumulate a store of

assimilates that can be used for seed-fill and increase yield.

2.10.7 Pollination

The number of pollinator visits per receptive flower had a significant effect on
seed set (P = 0.011), with flowers receiving 1, 6, and 11 honey bee (Apis mellifera)
visits and setting 1.6, 2.3 and 3.3 seeds respectively. It was found that, on average,
one bee visit deposited 15-22 pollen grains, and 6 bee visits deposited 43 pollen
grains (Jahns and Jolliff, 1990). The effects of each additional bee visit does not seem
to result in an additive increase in pollen grains deposited. The number of pollen
grains deposited also had a significant effect on seed set (P<0.01). Under
experimental conditions, 5 pollen grains were found to be sufficient to set 2.4 seeds
on average, with 25 pollen grains producing 4.1 seeds on average (Jahns and Jolliff,
1990). This is clearly over-optimistic under field conditions and suggest that other
factors, such as water stress, plant genotype, plant resource limitation, pollinator

behaviour, and even timing may account for the lower than expected seed set.

To elaborate on the last point, a thesis by Jahns (1990, cited in Norberg e? al.,
1993) noted that pollination 48 hrs after anthesis yielded three times as many seeds as
at 24 or 72 hrs. It was also noted however, that heavy pollination and the subsequent
heavier seed set slows down the formation of new flowers (Jain, 1979). This would be

consistent with limited photosynthate resources of the plant, so heavy seed set in early
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flowers may not necessarily improve yield, but rather allow a higher likelihood for the

plant’s potential seed set to be achieved sooner (if at all).

Still, there is a positive correlation found between pollinator visits and seed set
in the field (Jahns and Jolliff, 1990; Norberg et al., 1993), with Jolliff (1981)
recommending four bee colonies per hectare. Cool, wet, and windy weather, the
presence of other flowering plants and long distance from hive to meadowfoam will
have detrimental effects on pollination (Jolliff, er al. 1981). There had also been a
suggestion that instead of honey bees, another bee species, Osmia lignaria propinqua
be used instead. This species is thought to be less adverse to inclement weather during

foraging (Norberg et al., 1993).

2.10.8 Fertil