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There is evidence that the omega-3 fatty acids (PUFAs) found in 

certain fish oils have health promoting properties.   The research 

described here examines an approach to producing PUFAs from fungi 

genetically altered to lactose utilization. Saprolegnia parasitica, a 

filamentous fungus, was examined for eicosapentaenoic acid (20:5 w3, 

EPA) production when grown on six media with varied nitrogen and 

carbon sources.   Optimum EPA production reached 24% of total fatty 

acids.  Glutamate was shown to be the best carbon and nitrogen source 

for overall EPA and lipid production.  At 200C,   the percentage of EPA 

and total unsaturation were higher than at 30oC.   The amount of 

oleic and palmitic acids  produced was   decreased   at the lower 

temperature with a concomitant increase in unsaturation. Decreased 

activity at 30°C of the A9 or Ai2-desaturases of S. parasitica may have 

been responsible for differences in fatty acid   profiles. 

In an effort to produce EPA from lactose, a DNA transformation 



procedure for S. parasitica was developed.    The Kluyveromyces lactis 

plasmid pKRlBLAC4-l was used as a vector for the JS-galactosidase 

gene, LAC4.   Transformation of protoplasts was by PEG/CaCl2 with 1 

to 6 protoplasts /fig DNA transformed.    Most transformants were 

unstable .   One  moderately stable transformant, SP829, produced 4-5 

units JS-galactosidase/mg protein.    DNA:DNA hybridization indicated 

that the plasmid had not incorporated into chromosomal DNA.    The 

activity of J5-galactosidase in cell homogenates was dependent upon 

the glucose content of growth medium.    14C lactose was used to 

determine lactose uptake by SP829 mycelia and protoplasts. 

Radiolabel was not detected in protoplasts or mycelia.   After 

successive transfers, transformants reverted to original genotype 

probably because of the failure of the plasmid to incorporate into 

chromosomal DNA. 
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DNA TRANSFORMATION OF Saprolegnia parasitica,  AN OMEGA-3 
FATTY ACID PRODUCING FUNGUS, WITH THE £-GALACTOSIDASE 

GENE OF Kluyveromyces lactis 

LITERATURE REVIEW 

Introduction 

Under-utilized by-products or waste materials from food and non- 

food processing operations can serve as readily available growth 

substrates for industrial microorganisms.  Good examples of this are 

the production of single cell protein from sulfite waste liquor (paper 

manufacturing) and the production of ethanol from fermentation of the 

lactose in cheese whey.   The high chemical (COD) and biological 

oxygen (BOD) demand values of cheese whey coupled with the 

tremendous volumes produced make cheese whey and whey permeate 

disposal difficult and expensive.   Current trends indicate that whey 

proteins are a useful by-product, however removal of the protein leaves 

the problem of whey permeate. 

Various fermentation processes have been found to reduce the 

BOD and COD of the deproteinized whey permeate.   Perhaps the most 

unique of these processes is the production of oil by various yeasts. 

Moon et al. (1978) isolated from cheese plants yeasts that could 

metabolize cheese whey permeate into lipid.   These strains of 

Apotrichium (Candida) curvata could accumulate lipid up to 57% of the 

total dry matter of cells when grown on a whey permeate based 

medium.   Furthermore, the COD of the medium was reduced by 70- 

90% which resulted in an easily disposed material.   Oil produced in 

this manner was high in oleic (18:1) and palmitic (16:0) acids. 

Lipid production by microorganisms cannot be considered an 



economical means of disposing of cheese whey permeate when the 

lipid composition is similar to that of oilseeds.   However, the current 

interest of nutritionists in the health promotion role of long chain 

polyunsaturated fatty acids (PUFAs), in particular the omega-3 fatty 

acids (e.g. 5,8,11,14,17-eicosapentaenoic acid {EPA}), suggests that 

commercial production of omega-3 fatty acids may be economically 

feasible.   Relatively few microorganisms are able to produce omega-3 

fatty acids; exceptions are phytoplankton and several filamentous 

fungi.  The lower aquatic fungus, Saprolegnia parasttica, has been 

found to have a fatty acid profile that contains 20% EPA (Gellerman 

and Schlenk, 1979).   Unfortunately, S. parasttica does not utilize 

lactose (Powell et aL, 1972). 

The present research examined the ability of S. parasttica 

to produce omega-3 fatty acids with an emphasis on optimizing the 

yields of this PUFA by medium manipulation. Additionally, we have 

successfully transformed the organism with the LAC4 (j3-galactosidase) 

gene of Kluyueromyces lactis by use of the plasmid pKRlB-LAC4-l 

(Shreekrishna and Dickson, 1984).   Unfortunately, the resultant 

transformants are somewhat unstable and lose the capability to 

produce JS-galactosidase after several transfers over a period of several 

months. 

The whey problem 

Cheese manufacture is basically a method to convert the casein 

fraction of milk to a relatively stable and nutritious product.  This 

process is not accomplished without certain negative consequences. 

The proportion of milk that actually becomes cheese is relatively 



small; yields are typically around 10%.  The residual 85-90% is the 

whey fraction of milk.   This fraction (Table 1) consists mainly of water 

with a significant amount of organic material.   Historically, the whey 

fraction had been disposed of through sewage systems or direct 

disposal'.  The increase in the size and production of cheese plants and 

the recognition that environmental damage was occurring by the 

direct disposal of whey has resulted in alternative uses and disposal 

methods for whey. 

The composition of whey is related to the method of coagulation 

used to precipitate the casein fraction (Table 1).   Acid whey results 

from the precipitation of casein by the action of acid without the 

addition of rennet-type enzymes.   This is the method most commonly 

used in the production of fresh cheeses such as ricotta or cottage 

cheese.  The lactose and protein content of acid whey is generally 

lower than whey produced from enzyme coagulated milk ("sweet 

whey").   Sweet whey results from the production of cheddar and other 

enzyme coagulated cheeses.  This whey typically has a pH between 4.6 

and 6.7 while acid whey has a lower pH of 3.9-4.5.   Sweet whey will 

only be considered in this review and research but it should be noted 

that acid whey is a serious problem in the dairy industry. 

Untreated whey is composed mainly of water, lactose, lipid, and 

protein (Table 1).   The lipid portion is frequently removed by 

centrifugation and diverted to other dairy uses.   Because of the high 

water content and the expense of shipping, various concentration 

methods for defatted whey have evolved.   Spray drying, vacuum 

evaporation, electrodialysis, and membrane processes have been used 



to remove water from whey.   The resulting product can then be used 

for animal feed or as a functional ingredient in other foods.  Additional 

uses for whey have included whey-based beverages (Prendergast, 

1985), as a binding agent for wood products (Viswana, 1984), 

methane generation (Zellner et al, 1987), and as a substrate for 

various fermentations (Shay and Wegner, 1986; Zadow, 1984). 

In defatted whey, lactose is the major component and 

contributes 70-80% of the total solids.   The protein component, 

primarily the serum proteins, lactalbumin and JS-lactoglobulin, of 

cheese whey contribute 10-15% of the dry weight.   As ultrafiltration 

(UF) and other membrane processes became available, the protein 

fraction of whey was found to be readily removable. The whey proteins 

have been found to have a number of functional properties that are of 

use in the food industry.  These functional properties include; foaming 

power, humectancy, emulsifying ability, solubility, and viscosity 

enhancement (Mangino, 1984; Moulin and Galzy, 1984).   Additionally, 

the serum proteins are one of the most nutritionally complete protein 

combinations available and are therefore useful in unweaned animal 

feeding.   Recently, biologically active peptides have been identified in 

the whey protein fraction (Fiat et al., 1990).   These peptides were 

shown to have immunological, antithrombotic, and antidiarrheal (P. 

Savello, personal communication) characteristics when fed to human 

and animal subjects. 

While the protein fraction of whey has found some use, the 

residual lactose and minerals remaining in the permeate from 

ultrafiltration have not found widespread usage.   Furthermore, while 
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removal of proteins by UF reduces the BOD of the whey by about 30% 

(Hobman, 1984), the permeate is dilute (about 7% total solids) and 

remains high in biological and chemical oxygen demand.  This makes 

disposal through sewage systems expensive.   Lactose and most other 

molecules can be removed from UF permeate by application of the 

direct concentration method, reverse osmosis   (Muir and Banks, 

1985).   Reverse osmosis has found use in concentration of 

deproteinized whey for subsequent lactose production (Zadow, 1986). 

Markets for purified lactose are limited which makes production of 

lactose uneconomical for the majority of whey processors (Booij, 1985; 

Zadow, 1984).  This fact has lead to various fermentation schemes for 

whey permeate. 

The lactose in whey permeate is a readily available carbon source 

for many industrial microorganisms.  While many fermentation 

schemes (Table 2) have been tried, relatively few have found 

commercial application.  Table 2 lists several general categories of 

products that have been produced at the laboratory and commercial 

scale.   By far, the most successful fermentation product produced from 

whey and whey permeates has been ethanol.  There are large facilities 

in several countries (France, Ireland, New Zealand, United States) that 

use yeasts, primarily Kluyveromyces jraglis or K lactis, to produce 

food and fuel grade ethanol (Zadow, 1986; Litchfield, 1987; Moulin and 

Galzy, 1984). 

As identified by Litchfield (1987), the economics of agricultural 

byproduct utilization by fermentation are dependent upon several 

factors:   l)cost of utilization; 2)seasonality and quantities of waste; 



Table 1.   Composition of whey from acid and rennet precipitated milk. 

Whey typea 

Rennet (sweet,dried)b Acid (dried)b Wholec 

Water - - 90-95 

Dry matter 100 100 6-7 

Fat 0.04-0.5 5-6 1 

Crude protein • 13-14 11-13 .8-1.2 

Lactose 76-78 69-71 4.6-5.2 

Ash & minerals 12-13 10-13 0.8-1 

a% weight basis 

bMoulin and Galzy,1984. 

cWalstra and Jenness, 1984 



Table 2. Fermentations using whev or whev permeate and the organism used for the fermentation. 

Raw ingredient 

whey permeate 

hydrolysed permeate 

whey/whey permeate 

whey/whey permeate 

deproteinlzed wheyc 

acid whey permeate 

whey permeate 

whey/whey permeate 

Fomentation product 

Single cell protein 

Baker's yeast 

Ethanol (food and fuel grade) 

Methane and other gases 

Acetone, butanol, 
ethanol (6:3:1) 

Acids (lactic, acetic, etc. 

Food gums (xanthan, etc) 

Single cell oil 

Microorganism 

Candida intermedia * 
Kluyveromyces lactis, K. fragilis, and Torulopsis 
bouinab 

Kluyveromyces bulgaricus 
Kluveromyces fragilis 
Saccharomyces cerevisiae 

Kluyveromyces fragilis, Zymomonas 

Mixed cultures of anaerobics Methanothrix , 
Methanobrevibacter , and other methanogens 

Clostridium acetobutylicum, Cl. butyricum 

Lactic acid bacteria, Candida, Acetobacter, Cl 
Thermoacettcum, Psuedomanas, Aspergillus spp. 

Xanthamonas campestris 

Candida (Apotrichium) curvata 

aVienna process, bBel process, csulfuric acid precipitated, 
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3)availability of technology; 4)existence of markets and market value of 

product.    The economics of whey permeate utilization are significant 

when the quantities and cost of disposal are considered.   According to 

the factors outlined above, whey permeate is an ideal candidate for 

byproduct utilization by fermentation if appropriate markets for the 

products can be identified and the production technology  and 

economics delineated. 

Microbial lipid production 

Production of fats and other lipids by microorganisms is not a 

new concept.   Early work in Germany showed that certain yeasts and 

molds could accumulate large quantities of oil (Ratledge, 1984).   With 

current fermentation technology, it is estimated that a 1000 m3 

microbial lipid production facility could produce one metric ton of 

lipid per hour (Moreton, 1988).   This is equivalent to the oil produced 

by one hectare of rapeseed.  The amount of carbohydrate or carbon 

substrate required to produce this amount of lipid is equivalent to 4.5 

metric tons of glucose and assumes maximum use of substrate 

(Ratledge, 1988).   Economic considerations for an industry hampered 

with a fermentable waste (such as lactose) are great provided world 

markets can absorb the additional new product. 

The defining characteristic of an oleaginous microorganism is 

the ability to accumulate 20-25% lipid on a dry weight basis (Ratledge, 

1989; Sattur, 1989).   Other organisms may accumulate lipids of 

economic importance but in quantities that do not merit the 

oleaginous moniker.  While there are bacteria, yeasts, molds, and some 

algae that fulfil the definition, the most studied have been oleaginous 



yeast.  This review will examine the biochemical basis for lipid 

accumulation based on yeast (summarized in Figure 1) with exceptions 

noted where different for molds. 

The one general feature of lipid accumulation by oleaginous 

microorganisms is that lipid accumulation is a two stage process.  A 

growth phase in nutritionally complete medium followed by a lipid 

accumulation stage when a nutrient becomes limiting.   The limiting 

nutrient must not be the carbon source and is generally nitrogen, 

although mineral depletion has also been shown to cause lipid 

accumulation in some organisms (Ratledge, 1988).   The initial growth 

stage of the organism is necessary to generate quantities of biomass. 

Lipid accumulation is minimal during the growth stage (Kessell, 1968; 

Evans and Ratledge, 1984a, b; Ykema et at,   1989). As nitrogen 

becomes the limiting nutrient, the growth rate decreases and lipid 

accumulation begins.  The influence of nitrogen limitation on 

oleaginous molds has not been examined.  In both yeasts and molds, 

the source of nitrogen is significant with glutamate or urea more 

conducive to lipid accumulation (Singh and Sood, 1972; Evans and 

Ratledge, 1984a,b).  The effect of glutamate on lipid accumulation in 

yeast can be understood when the role of citrate in lipogenesis is 

elaborated. 

Lipogenesis in yeast has been elucidated using, the non- 

oleaginous yeast, Saccharomyces cerevisiae as a model (for review see 

Wassef, 1977).  The process has been reviewed extensively and will 

not be examined in depth except to point out key differences between 

oleaginous and non-oleaginous yeast. 
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As stated earlier, lipid accumulation in yeast begins after 

nitrogen is depleted from the carbon rich medium.   When this occurs, 

metabolism is shifted from cell construction and multiplication to 

conversion of the excess carbon into lipid.   The deficiency of NH4+ has 

the effect of lowering AMP levels by activation of AMP deaminase 

which catalyses the breakdown of AMP to IMP and NH4+ (Evans and 

Ratledge, 1985a).  AMP concentration has been shown to directly 

affect the activity of the mitochondrial enzyme NAD+ dependent 

isocitrate dehydrogenase ({ICDH}, Botham and Ratledge, 1979).   In 

the absence of AMP, the activity of this enzyme decreases significantly. 

ICDH from oleaginous yeast is especially sensitive to deactivation at 

AMP concentrations that show no effect on ICDH from nonoleaginous 

yeast.  The overall effect of deactivation of ICDH is a slowdown or 

stoppage of the Kreb's cycle at the conversion of isocitrate to a- 

ketoglutarate which subsequently raises mitochondrial citrate and 

isocitrate concentrations (Botham and Ratledge, 1979; Evans and 

Ratledge, 1983; Boulton and Ratledge, 1983).   Citrate that 

accumulates in the mitochondrion is transported to the cytosol in 

exchange for malate which in turn is transported out of the 

mitochondrion in exchange for pyruvate.   The relatively large 

concentration of citrate that accumulates in the yeast cytosol is 

fundamentally important to lipid accumulation (Evans and Ratledge, 

1985b). 

While the regulatory enzymes of glycolysis, phosphofructokinase 

(PFK) and pyruvate kinase, are negatively regulated by high citrate 

levels, they are positively affected by NH4+ (Evans and Ratledge, 
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Figure 1.   Pathway to triglyceride formation in oleaginous yeast grown 
on glucose. ACCacetyl CoA carboxylase; AC=aconitase; CL=ATP:citrate 
lyase; CS=citrate synthase; FAS=fatty acyl synthetase complex; ICDH= 
isocitrate dehydrogenase; MD=malate dehydrogenase (cytosolic or 
mitochondrial); ME=malic enzyme; PC=pyruvate carboxylase; PD= 
pjrruvate dehydrogenase; PFK=phosphofructokinase; PK=pyruvate 
kinase.   A=pyruvate:malate transport system; B=citrate:malate 
transport system (Ratledge, 1988). 
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1984c, 1985c).   It is believed that levels of NH4+ are sufficiently high 

during the growth phase to modify PFK permanently (Ratledge, 1988). 

Additionally, breakdown of AMP by AMP deaminase, thereby providing 

additional NH4+, could release PFK from citrate regulation (Evans and 

Ratledge, 1985c).   These factors release PFK from citrate regulation 

which allows glycolysis to continue in the presence of the high citrate 

concentration required for lipid accumulation.  The use of glutamate 

or other organic sources of NH4+ allows for higher intracellular 

concentrations of NH4+when compared to non-organic sources which 

are used on an as-needed-basis rather than for the carbon shells of 

organic nitrogen sources.   Derepression of synthesis of NAD+ 

dependent glutamate dehydrogenase has been shown to occur during 

growth on glutamate; this subsequently leads to large accumulations of 

intracellular NH4+ (Evans and Ratledge, 1984a).  The continuation of 

glycolysis and the transport of pyruvate into the mitochondrion 

provides the needed pyruvate to continue production of citrate. 

The fact that citrate accumulates in oleaginous yeast and not in 

other yeast is directly related to the activity differences of ICDH with 

respect to AMP concentrations.  As citrate accumulates, the next 

major difference between oleaginous and nonoleaginous yeast becomes 

apparent.  The enzyme ATP:citrate lyase catalyses the breakdown of 

citrate into acetyl CoA and oxaloacetate (OOA): citrate + ATP + CoASH 

==> acetyl CoA + ADP + Pi + OOA (Botham and Ratledge, 1979; Evans 

and Ratledge, 1983).   While this enzyme is common in mammalian 

cells, its presence in microorganisms has been rare (Ratledge, 1989). 

All oleaginous yeasts that have been surveyed for ATP: citrate lyase have 
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been shown to harbor the enzyme (Ratledge, 1989; Botham and 

Ratledge, 1979).   This is not the case with lipid accumulating molds; 

some nonoleaginous species have an active enzyme and are capable of 

accumulating citrate (Ratledge, 1989; Mahlen, 1973). 

Lipid biosynthesis in nonoleaginous yeast begins with acetyl CoA 

and is driven by the enzyme acetyl CoA carboxylase ({ACC}, Schweizer, 

1989).   In oleaginous yeast, the initial enzyme could be considered 

ATP:citrate lyase which provides the high concentrations of acetyl CoA 

required for lipid accumulation.   Once acetyl CoA units are provided, 

fatty acid synthesis proceeds through ACC as with other yeasts. 

ATP: citrate lyase is under regulation by long chain fatty acyl CoA esters 

which also control the efflux of citrate from  mitochondria at the 

malatexitrate transport level (Evans et al, 1983a,b).  This prevents 

excessive citrate from entering the cytosol.   Eventually, long chain acyl 

CoA esters are esterified to glycerol to form triglycerides, 

phospholipids, or other lipids.   Oleaginous yeasts and molds 

accumulate 85-95% of the total lipid as triglycerides (Ratledge, 1989). 

The composition of the triglyceride fraction of oleaginous yeast 

will vary with the organism, culture conditions, and substrate used for 

growth.   Moon and Hammond (1978) showed that fatty acid profiles of 

Candida curvata and Trichosporon cutanem became more 

unsaturated as the fermentation of whey progressed.   Specifically, an 

increase in the fatty acids oleic (18:1) and linoleic (18:2) was noted. 

The relative percentage of these fatty acids also increased when the 

incubation temperature was decreased.   However, growth on whey 

permeate reflected a drop in total unsaturation, primarily because of 
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loss of linoleic acid.   The influence of temperature on lipid 

unsaturation is a well documented phenomena and has been shown to 

influence other oleaginous yeasts (Moreton, 1988). 

Carbon source has been shown to influence lipid accumulation 

with some organisms able to alter the fatty acid composition of an oil 

substrate.   Rhodospiridium tondoides and a species of Candida were 

shown to convert the cyclopropene fatty acids of kapok and sterculia 

oils to stearic acid while accumulating 40% lipid (Moreton, 1988). 

The fatty acid composition of some oils renders the oil difficult to use 

as is the case with high linolenic acid oils.   Glatz et al (1984) fed 

Candida lipolytica several types of oils and monitored the oil produced 

by the organism.  When fed linseed oil, high in linolenic acid, the 

organism reduced nearly 50% of the 18:3 to 18:0, 18:1 and 18:2.   In 

general, the chain length and degree of unsaturation of the fed oil was 

similar to that recovered (Glatz et al, 1984: Ratledge, 1989). 

However, the fed trlglyceride may be altered with regard to position of 

fatty acids on the recovered trlglyceride without changing the relative 

percentages of each fatty acid (Bati et al 1984).  While carbohydrate 

source may play a minor role in the fatty acid profile of accumulated 

lipid (Rattray, 1989), some yeasts increase the total lipid accumulated 

with respect to carbohydrate source.   Evans and Ratledge (1983a) 

demonstrated that Candida curvata accumulated more lipid when 

grown on xylose than either glucose, sucrose, lactose, or ethanol. 

For microbial lipid production to be profitable, the oil produced 

must have a composition similar to a traditional oil or have a unique 

component that makes the oil marketable.   The fatty acid profiles of 
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oleaginous yeast grown on a carbohydrate substrate are all fairly 

similar.   In general, oleic (18:1) is the predominant fatty acid at 44- 

60%, followed by 18-36% palmitic (16:0) with stearic and linoleic 

(18:0, 18:2, respectively) in the range of 6-15% each.   Trace amounts 

of 14:0, 16:1, and 18:3 are also found.  Fatty acid profiles of molds are 

somewhat more diverse with long chain, hydroxy, branched, and 

polyunsaturated fatty acids produced by a variety of molds (Losel, 

1989). 

The recognition of the importance of long chain fatty acids as 

precursors to physiologically active compounds has stimulated 

research into the production of these precursors.   The fatty acid, 

gamma linolenic acid (6, 9, 12-cis, cis, cis-octadecatrienoic acid, GLA) 

has been shown by some researchers to aid in various disorders such 

as diabetes mellitus, liver diseases, eczema, premenstrual syndrome, 

viral infections and cancer (reviewed by Horrobin and Manku, 1990). 

Based on such health claims, this particular fatty acid is sold in health 

stores.  The most common source for this fatty acid is oil obtained 

from the evening primrose.   Hansson et al  (1989) were able to obtain 

commercially viable yields of GLA from the filamentous fungus Mucor 

roimi.    Unlike yeast culture, lipid accumulation was not influenced by 

nitrogen content of the medium, higher yields were obtained when 

nitrogen was not limiting.   While lipid yields were relatively low (10- 

15%), the economic importance of GLA could allow commercial 

production.  A patent has been granted for production of GLA from 

Morteriella isabellina   (Ratledge, 1986). 

The filamentous fungus Morteriella alpina has been shown to 
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produce large quantities of arachidonic acid (20:4 n-6).  After 15 days 

of culture on malt agar plates, the organism was shown to contain 25% 

arachidonic acid on a dry weight basis (Totani and Oba, 1987). 

Further work (Shinmen et at , 1989) with this organism showed that 

commercial production of arachidonic acid was possible.   When grown 

on a glucose containing medium in a 2000 liter fermentor for 16 days 

at 260C, the dry matter contained 44% lipid of which 70% of the fatty 

acid profile was arachidonic acid.  Yeast extract was found to be a 

suitable nitrogen source at the 1% level and olive and cottonseed oil 

gave the highest yields when used as carbon sources.   Previous work in 

this laboratory (Shimizu et at   1988a,b) with Morteriella 

demonstrated that the organism was capable of producing 

eicosapentaenoic acid (EPA 20:5 n-3) at low temperature (120C). 

Glatz (1984) has suggested that for microbial oil to be 

commercially successful it must have unique and desirable properties. 

The studies with Mortierella and Mucor show that if a component of 

the microbial lipid is economically important, commercial production 

may be possible even if total lipid yields are not high. 

Omega-3 fatty acids 

In the 1970,s, epidemiological evidence showed that certain 

populations (Japanese and Eskimo) that consumed large quantities of 

marine oils had significantly lower incidences of atherosclerosis and 

other inflammatory diseases (reviewed in Knapp, 1989; Dyerberg, 

1986; Herold and Kinsella, 1986; Dyerberg and Jorgensen, 1982). 

Bang et aL   (1971) examined plasma lipid and lipoprotein profiles of 

Eskimos and Danes.  The Eskimo population consumed a high fat, high 
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protein diet rich in fish.   This population exhibited lower total blood 

lipids, cholesterol, and triglycerides.   The Eskimo population also was 

relatively free from cardiovascular disease and arthritic diseases. 

These findings prompted a significant research endeavor that 

examined the role of marine oil composition on health. 

Eskimos and Japanese fishing populations consume large 

quantities of fish of which the lipid component is characterized by 

high levels of omega-3 polyunsaturated fatty acids.  Most notable are 

eicosapentaenoic and docosahexaenoic acids (EPA, 20:5n-3 and DHA, 

22:6n-3, respectively; Figure 2) which are derived from food chain 

interactions that start with phytoplankton (Mayzaud et al.,   1976). 

These two omega-3 fatty acids have been shown to be the 

physiologically active portion of marine oils.   This  brief review will 

examine the evidence that shows omega-3 fatty acids may have a role 

in preventing or modulating various health disorders. 

Humans require linoleic (18:2n-6) and linolenic (18:3n-3) acids 

as essential dietary components.  These fatty acids are converted to 

longer chain fatty acids, leukotrienes, prostaglandins, and 

thromboxanes (Figure 3) which have important physiological activities. 

Eicosanoids are 20 carbon compounds produced by the action of 

cyclooxygenase (leading to prostaglandins {PG} and thromboxanes 

{TX}) and lipoxygenase (leading to leukotrienes {LT}) on arachidonic 

acid.  Among other functions, prostaglandins and thromboxanes act in 

concert to maintain vascular integrity (haemostasis) by maintaining a 

smooth blood flow.   Prostaglandins E2 and I2 (prostacyclin) act as anti- 

aggregatory agents and are released by vascular cells.   Essentially these 
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compounds helpprevent blood cells and platelets (which normally 

tend to aggregate) from sticking to the vascular system. 

Thromboxanes, particularily TXA2, are released by platelets and cause 

aggregation and clumping of platelets.  Bleeding time has been used as 

a measure of platelet aggregation.  In vascular injury, production of 

PGI2 is decreased releasing the action of TXA2 and platelets aggregate 

at the point of injury.   In conjunction with injury, neutrophils and 

monocytes are drawn to the point of injury.  These cells produce the 

third type of eicosanoid - leukotrienes.   Leukotrienes are powerful 

chemotactic compounds that draw more platelets and monocytes to 

the point of injury and thus induce swelling.  These compounds have 

been implicated in other proinflammatory roles such as asthma, 

anaphylaxis, and certain types of arthritis (Lee et al   1986).  Dietary 

EPA has been shown to compete with the key intermediate of 

eicosanoid metabolism (arachidonic acid) and yield products that may 

explain the favorable role that fish oils play in vascular diseases. 

Specifically, EPA and DHA are thought to:   1)   lower serum 

triglycerides and some lipoproteins (VLDL); 2)   alter membrane 

structure; 3)   increase levels of anti-aggregatory PGs and form less 

active TXs; and 4)  alter production of LT by monocytes and thereby 

alter neutrophil function. 

Epidemiological and clinical studies have demonstrated that 

intake of fish and fish oil may reduce certain plasma lipids and 

decrease mortality because of cardiovascular diseases.   Kromhout et al 

(1985) conducted a 20 year survey and found an inverse relationship 

between fish consumption and death because of heart disease.   People 



COOH 

Linoleic acid 18:2 n-6 

COOH 

Linolenic acid 18:3 n-3 

COOH 

Arachidonic acid 20:4 n-6 

COOH 

5,8,11,14,17 - eicosapentaenoic acid 20:5 n-3 

19 

Figure 2.   Omega-6 and omega-3 fatty acids important in eicosanoid 

formation. 
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that consumed 30 g of fish/day died less frequently from heart disease 

than those that consumed less fish. The landmark studies of Bang and 

Dyerberg (1971, 1979) showed that Eskimos had a different lipid 

profile than the matched Eskimo population living in Denmark.   While 

plasma lipid and cholesterol were lower in the Greenland Eskimos, 

bleeding time was longer with an increase in n-3 PUFA in platelets. 

These studies stimulated many human feeding studies that used 

defined diets and/or purified oils (extensively reviewed by Herold and 

Kinsella, 1986).   In general, fish oils reduced blood triglycerides and 

increased HDL cholesterol.   Total cholesterol was lowered only in 

studies that used very high levels of n-3 PUFA.   Phillipson et al 

(1985)   found that feeding 20 g of n-3 PUFA/day (salmon oil) to 

patients afflicted with hypertriglyceridemia (poor regulation of blood 

chylomicron and lipid compartmentalization)   reduced triglyceride 

and VLDL by 72 and 82%, respectively.  Similar but less dramatic 

results, were found by Harris et al  (1983, as cited in Phillipson et al, 

1985) when healthy people were fed a salmon oil containing diet.   The 

exact mode of alteration of lipid profiles is not clearly understood and 

two hypotheses have evolved (Kinsella, 1986; Dyerberg, 1986; Garg, et 

al,   1990; Simon et al,   1990).  The production of lipid carrier 

proteins, the apoproteins, may be shifted by n-3 fatty acids which 

results in a more efficient turnover of VLDL to LDL. Also, n-3 PUFA 

levels in tissue membranes increase shortly after administration.   This 

may indicate a faster deposition time for VLDL lipids.   Fish oils can 

change the plasma lipid profile as well as the composition of these 

lipids and other body lipids. 
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When fed linoleic acid there is an elongation and desaturation of 

this fatty acid to arachidonic acid. Arachidonic acid (AA) acts as a 

branch point in the synthesis of eicosanoids and is generally found in 

membrane phospholipids at the sn-2 position.  Various workers have 

shown that when an organism is fed EPA the amount of AA in tissue 

and plasma lipids is decreased with a concommitant increase in EPA 

(Kinsella, 1986; Lichtenstein and Chobanian, 1990; Singer, et al, 

1990; Simon et al,   1990).  While some animal models are not able to 

process the EPA into eicosanoids (Knapp, 1989), it appears that 

humans are capable of forming the 3 series of prostanoids - PGI3 and 

TXA3 (Fischer and Weber, 1984).   PGI3 has similar anti-aggregatory 

activity compared to the n-6 derived PGI2; however, TXA3 is not nearly 

as aggregatory as the 2 series analog. This is the basis for the 

mechanism by which EPA is thought to be antithrombotic (Dyerberg, 

1986; Kinsella, 1986). 

Sapnolegmaparasitica 

Relatively few microorganisms produce omega-3 fatty acids 

(Losel, 1989), exceptions are Morteriella  spp. (Shimizu et al,   1988) 

and Saprolegnia spp.   Gellerman and Schlenk (1979) found that the 

Oomycete, Saprolegnia parasitica,   could produce eicosapentaenoic 

acid from arachidonic acid.  This indicated that the organism could 

desaturate from the methyl-end of the fatty acid; whereas,most 

species desaturate from the carboxyl end of fatty acids.   Furthermore, 

20% of the fatty acid profile was composed of EPA. 

Saprolegnia  are species of mold that are commonly referred to 

as water molds and are quite common in freshwater (Alexopoulos and 
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Mims,1979).   Saprolegniaceae have been isolated in fungi poor bodies 

of water in Iceland and other locations.  These organisms have very 

simple nutritional requirements (Powell et at,   1972) and are able to 

grow on a simple glucose, peptone, and buffered mineral medium. 

Saprolegnia parasitica does not use lactose as a source of carbon. 

Reproduction in most Saprolegniaceae is by either asexual 

zoospore formation or sexual reproduction with lipid rich ooplasts 

(Alexopoulos and Mims, 1979).   Rarely has Saprolegnia parasitica 

been found to reproduce by sexual means (Herman and Luchini, 1989) 

and most commonly uses motile asexual zoospores for reproduction. 

Summary 

The problem of whey use in the dairy industry is one of 

significant proportions both economically and environmentally.   In 

order to maximize use of this potentially valuable byproduct, the dairy 

industry has developed several unique fermentation processes 

including production of single cell oil by oleaginous yeasts. 

Unfortunately, the oil produced has a composition similar to 

traditional oils and therefore is generally uneconomical to produce. 

The interest of nutritionists and the public in the role of marine oils 

with omega-3 fatty acids has stimulated much research into this area. 

Commercial production of microbial lipids with unique characteristics 

has been shown to be feasible.  While relatively few microorganisms 

produce omega-3 fatty acids, one that does is the water mold 

Saprolegnia parasitica.  When genetically altered to lactose utilization, 

this organism may provide a start for producing omega-3 fatty acids 

from cheese whey. 
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MATERIALS AND METHODS 

The materials and methods of this thesis are divided into two 

major sections.  The first section deals mainly with the lipidology and 

medium manipulation to optimize omega-3 fatty acid production. 

Genetic alteration of Saprorolegnia parasitica is the focus of the 

second section.  There is very little if any overlap in the materials and 

methods of these two sections with the exception of the strain of 

Saprorolegnia parasitica used in the transformation studies. 

lipidology 

Organisms.  Saprolegnia parasitica ATCC 2284 was purchased from 

the American Type Culture Collection.  The organism was maintained 

on potato dextrose agar (Difco, Detroit, MI)   and subcultured twice 

monthly.  Stock cultures were maintained at 4 0C on PDA and cultures 

were transferred by agar blocks cut from the outer edges of colonies. 

Media and culture conditions. A potassium phosphate buffered 

mineral mixture with EDTA (0.5g/l) and DL-methionine (0.05 g/1, 

Powell et al, 1972) was modified as required to provide different 

carbon and nitrogen sources (Table 3).   Media 1, 2, and 4 contained 

glutamic acid (2, 2, and 0.2 g/1, respectively) as the nitrogen source. 

Media 5 and 6 contained vitamin free casamino acids (Difco) at 2 and 

0.2 g/1, respectively.   Medium 3 did not contain a nitrogen source 

other than methionine.  All media were adjusted to pH 6.8-7.0 and 

sterilized by heat.  No pH change was noted after sterilization.   Glucose 

(20 g/1) was used as the major carbon source in all formulations except 

medium 1 which was free of glucose.   Glucose was added to sterilized 

media by filter sterilization of a 40% w/v solution. 
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Shake flasks (250ml) that contained 50 mis of each medium 

were inoculated at 2% with S. parasitica   that, had been grown in 

medium 2, harvested by filtration, rinsed with sterile distilled water, 

and gently fragmented with a blender.  Cultures were incubated in a 

shaking water bath at 20 or 300C for 48 hours. Each incubation was 

repeated seven times. 

Lipid extraction.   Mycelia were collected by filtration, blotted dry, and 

weighed.  The mycelial mass was frozen in liquid nitrogen and ground 

to a powder.  Throughout lipid extraction and subsequent handling, 

care was taken to avoid oxidative loss of PUFAs. 

Chloroformrmethanol (2:1) according to Bligh and Dyer (1959) 

was used to extract lipids from the powdered mycelia.   Lipids were 

stored in benzene under nitrogen at -80oC until methyl esters could be 

made.   Methyl esters of fatty acids were made at 90oC in methanol 

containing 4% H2SO4 (Selivonchick, et at, 1977). 

Gas chromatography. Analysis of fatty acid profiles of S. parasitica was 

by gas chromatography using a fused silica capillary column (SP-2330, 

30 meters x 0.2mm id, Supelco, Bellefontaine, PA).   The gas 

chromatograph used was a Hewlett-Packard HP5890 equipped with a 

flame ionization detector.   Split injection (67:1) was used with helium 

as carrier gas (90 ml/min); nitrogen was used as makeup gas.  Column 

temperature was maintained at 190oC;   injector and detector 

temperatures were 220 0C.   Data was collected with an HP-3393 

integrator with disk drive.   Identity of sample peaks was made by 

comparison of retention times of samples with standards (Supelco or 

Nu-chek Prep, Elysian, MN). 
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Statistical methods.   Differences in fatty acid composition with respect 

to temperature of incubation and medium composition were 

determined by analysis of variance.  Each fatty acid was considered a 

dependent variable with temperature and medium independent. 

Differences were assessed by least significant difference (LSD, Steele 

and Torrie, 1980) of means of each fatty acid within medium and 

temperature.  Statistical analysis was by Macintosh Statistical System 

(MacSS, Statsoft, Tulsa, OK). Anova tables are shown in Appendix 1. 

Molecular biology 

Organisms. The S. parasitica strain was as described above. Two 

strains of Escherichia coli were used to propagate plasmid DNA.   E. 

coli MCI061 (hsdR, mcrB, araD139, A{araABC-leu}, 7679, AlacX74, 

galU, galK, rpsL, thi )was obtained from Herb Wykoff of W.E. Sandine's 

laboratory (Microbiology Department, Oregon State Univ., Corvallis). 

E. coli JM109 (recAl, endAl, gyrA96, thi, hsdR17, supE44, 

relAl,A(lac-proAB), {F.traDSG, proAB, ladqZAMld)   competent cells 

were purchased from Stratagene (La Jolla, CA). 

Plasmids.   Purified plasmid pKRlB-LAC4-l (Figure 4) was obtained 

from R.C. Dickson (University of Kentucky, Lexington, KY).   The 

plasmid pUC8 was obtained from Kate Mathews,   (Food Science and 

Technology Dept., OSU) and was in E. coli DH5a.  The plasmid 

pES200 was obtained from P.W. Garrett of E. Seliker's laboratory 

(Biochemistry Department, University of Oregon, Eugene) and was in 

E. coli JM109. 

Media.   Bacteria were carried on Luria-Bertani (LB) medium with 

added ampicillin (50p.g/ml) to maintain plasmids.   For plasmid 
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isolation, bacteria were grown on liquid LB subsequently 

supplemented with chloramphenicol (170|ig/ml) or T-medium 

(Sambrook et aL,   1989).  S. parasitica was carried on PDA and for 

protoplast isolation was grown in potato dextrose broth or on PDA 

plates.  A modified Maclis medium (MM, Gleason, 1968) was used for 

plating protoplasts after transformation (regeneration medium, RM). 

This medium contained (g/1): KH2PO4. 1.36; Na2HP04, 0.71; 

MgSO^HbO), 0.12; CaCl2(2H20), 0.07; FeCl3(6H20), 4.84x10-3; 

MnCl2(4H20), 1.80x10-3; ZnS04(7H20), 0.44x10-3; H3BO4, 2.86x10-3; 

CuS04(5H20), 0.39x10-3; (imOeMoyC^KHbO), 0.37x10-3; 

CoCl2(6H20), 0.81x10-3; thiamine, 0.15; DL-methionine, 0.1; at pH 6.8 

in distilled/deionized H2O.   Glucose (0.1%) and lactose (2%) were 

filter sterilized and added to the heat sterilized MM. 

Protoplast formation.   In order for successful transformation to take 

place, it was necessary to remove the cell walls of S. parasitica . A 

modification of the procedure of Gaugy and Fevre (1982) was used to 

make protoplasts of S. parasitica (Figure 5).   One of two methods was 

used with the latter procedure resulting in the production of proto- 

plasts with substantially less contamination.  Both procedures used a 

cell wall degrading enzyme mixture that contained: Driselase (extract 

from Irpex lacteus, Fluka, Ronkonkona, NY) 5 mg/ml; cellulase (Type 

I, Sigma, St. Louis), 1 mg/ml; 0.6 M sorbitol (Sigma); and 1.2 mM 

phenylmethylsulfonyl fluoride, ,in 0.05 M sodium maleate buffer, pH 

5.8.   The enzyme mixture was filter sterilized and all equipment was 

heat sterilized with aseptic technique maintained throughout the 

protoplasting procedure.   In the first procedure, cultures of S. 
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paras itica were grown on PDA until confluent and then the culture 

was cut into small blocks (ca. 4 inm2).  The agar blocks were 

transferred to 50 ml sterile disposable tubes and 15-25 ml of enzyme 

mixture was added to float the mycelia.  This mixture was incubated 

for 1-2 hours at 30oC with gentle agitation.   Protoplasts were 

harvested by filtration through sterile Miracloth™, residual mycelia 

were rinsed twice with osmotically stable buffer.   In the second 

simpler procedure, the enzyme mixture was added directly to 

confluent growths of S. parasttica on PDA plates.  For each 100 mm 

diameter plate, 15-20 mis of enzyme mixture was required.   After a 1- 

2 h incubation at 30°C with gentle swirling,   the enzyme mixture with 

protoplasts was pipetted from the petri plate and passed through 

Miracloth™ to remove mycelia fragments.   Maleate buffer was flushed 

twice across the PDA plates to harvest as many protoplasts as possible. 

This procedure avoided pipetting a liquid with large solid fragments 

(agar blocks) and resulted in less handling of protoplasts which served 

to decrease contamination.   From a 48 h confluent growth of S. 

parasitica, 104 - 105 protoplasts were obtained.  Approximately, 20 - 

30% regenerated to normal mycelia. 

After protoplasts were harvested from mycelia, they were 

centrifuged (ca. 750 xg) from the enzyme mixture and washed twice 

with maleate buffer.   For transformation experiments, protoplasts 

were washed also with transformation buffer.    Protoplasts were 

enumerated by means of a haemocytometer. 

The effect of type and concentration of osmotic stabilizer on 

regeneration of protoplasts also was examined.   Osmotic stabilizers are 
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required to maintain cell wall integrity during protoplast formation 

and during subsequent handling of protoplasts.  Table 4 lists the 

osmotic stabilizers.   Protoplasts or blocks of mycelia were placed into 

petri plates containing a nutritionally rich medium (CYG: casamino 

acids, 2%; yeast extract, 1%; glucose, 2%; agar, 1.5%) that had the 

desired osmotic stabilizer added.   Plates were examined by means of a 

microscope for outgrowth of protoplasts or mycelial growth. 

Electro-transformation of E. coll Since plasmid pKRlB-LAC4-l was 

obtained in purified form, it was necessary to transform E. coli with 

this plasmid to obtain more plasmid. Transformation was by 

electroporation.   Electroporation was carried out using a Bio-rad Gene- 

Pulser® electroporation unit and E. coli  MCI061 following the 

procedure of Dower (1988).   Electroporation was at 12.5kV/cm for 4.6 

msec.   Transformed colonies were selected based upon blue color of 

colonies formed on LB+kanamycin+ampicillin+X-gal plates. 

Plasmid and DNA isolation.   Plasmid DNA was isolated from E. coli 

cultures that either had been grown in LB and amplified with 

chlorampenicol or grown in T-medium (Sambrook et al, 1989).   T- 

medium allows for high density cell growth.   Cell lysis and plasmid 

isolation was by an adaptation of the procedure of Godson and Vapnek 

as outlined in Sambrook et al, (1989).   Briefly the procedure used 

sodium docecyl sulfate (SDS) to lyse lysozyme treated cells.   High 

molecular weight DNA was precipitated by addition of 5 M NaCl and 

removed by centrifugation.   Proteins were removed by Tris saturated 

phenol:chloroform:isoamyl alcohol (25:24:1).   The remaining RNA and 

plasmid DNA was precipitated by addition of 2 volumes of ice cold 
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95% ethanol or 0.6 volumes of isopropanol.   Nucleic acids were 

concentrated by centrifugation and RNAse A was added to reduce the 

concentration of RNA.   After another phenol:chloroform:isoamyl 

alcohol extraction followed by alcohol precipitation,   plasmid DNA was 

collected by centrifugation.  Purified plasmid DNA was obtained by 

spun column separation through a pZ523 column (5 Prime, SPrime, 

Inc. Paoli, PA).   Yields of plasmid were generally around 250 ng/500ml 

of culture. 

DNA was extracted from S. parasitica by a modification of the 

procedure of Johnstone et al,   (1985).   Mycelia were harvested by 

filtration and rinsed with 100 mM EDTA pH 8.5.   The mycelia were 

blotted dry, frozen with liquid nitrogen and ground to a powder. 

Buffer (100 mM EDTA; 50 mM NaCl; 50 mM Tris, pH 7.8; 0.2% SDS) 

was added to suspend mycelia fragments and the mixture was heated 

to 680C for 10 min.   Cell debris was centrifuged out at 12,000 xg for 

10 min at 40C.   RNAse A (100 ng/ml) followed by Proteinase K (50 

Hg/ml) was added to the supernatant.  Subsequently, this was 

extracted twice with phenol:chloroform:isoamyl alcohol and twice with 

chloroform:isoamyl alcohol.   DNA was precipitated with ice cold 

ethanol.  Yields of DNA from S. parasitica were typically low (11-50 

Hg/100 ml culture). 

Transformation of S. parasitica.   In order to transform S. parasitica, it 

was necessary to remove the cell wall of the filamentous fungus. 

Osmotically sensitive protoplasts were formed as described earlier. 

Protoplasts were separated from mycelia fragments by filtratation, 

centrifuged, and washed in cold T buffer (0.6 M sorbitol, 10 mM CaCb, 
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10 mM Tris-HCl, pH 7.2) three times.   After the third washing, 

protoplasts were suspended to one ml in T buffer.   Protoplasts were 

enumerated by use of a haemocytometer and a microscope. 

Transformation procedures were adapted from Ballance et al, (1983) 

and Yelton et al., (1985).   Plasmid DNA mixed with carrier DNA 

(sheared calf thymus DNA {Sigma}, 1:1) was added to protoplasts, 

carrier DNA only was added to controls.  After one hour on ice, 10 ml 

of filter sterilized 60% polyethylene glycol 4000 was added with 

gentle mixing.   PEG was allowed to be in contact with the protoplasts 

for 10 min and then 20-30 ml T-buffer was added to facilitate removal 

of protoplasts by centrifugation.   Protoplasts were washed in T buffer 

before being suspended in regeneration medium (RM).   Protoplasts 

were incubated in RM for 1-2 h and centrifuged, resuspended in RM 

without glucose. Aliquots (ca. 2.5 x 104 protoplasts) were plated onto 

RM with 2% lactose, 0.1% glucose, X-gal (50 \ig/m\), and solidified 

with 0.7% agar.   Plates were incubated in an enclosed bag (to prevent 

desication of plates) at 30oC until blue transformants were apparent, 7- 

14 days.  Regeneration of protoplasts was generally apparent within 

one week.   Attempts were made to use the selectable marker on 

pKRlB-LAC4-l that coded for resistance to the antibiotic G418.   G418 

(50mg/ml stock solution) was spread onto plates that had 16-24 h old 

regenerating transformed protoplasts. Transformants were separated 

from background colonies and replated onto RM.   The transformation 

procedure is illustrated in Figure 6. 

DNA:DNA hybridization.  Plasmid pKRlB-LAC4-l was digested by use of 

the enzyme Bgl 2 and the resulting 2.9 and 5.1kb fragments were used 
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as probes (Figure 7).   Probes were made by random primed labeling 

using a non-radioactive method (Genius, Boehringer Mannheim, Figure 

8).  Fungal DNA was fragmented by Bgl 2 and separated on 0.8% 

agarose gels.   DNA was blotted onto a nylon membrane (Biotrace RP™, 

Gelman Sciences) by  capillary transfer with 0.4 N NaOH with 

modifications as directed by kit instructions.   Probe concentration was 

generally 50-200 ng/membrane and probing solutions were used up to 

three times.   Membranes were incubated with color reagent for 8-14 

hours before the reaction was stopped. 

6 -galactosidase activity. JS -galactosidase activity was measured in 

transformed and non-transformed S. parasitica by the use of the 

chromogen O- nitrophenyl-j(? -D-galactoside (ONPG, Ausubel et al... 

1989).   Mycelia were harvested by filtration from 50 ml cultures 

grown in RM with 2% lactose and several concentrations of glucose. 

The mycelia were frozen in liquid nitrogen and ground to a powder. 

To the ground mycelia, 5 ml of Z buffer (60 mM Na2HP04{7H20}; 40 

mM NaH2P04{H20}; 10 mM KC1; 50 mM JS -mercaptoethanol; 1.0 mM 

MgS04{7H20}; pH 7.0 and filter sterilized) was added.   The mixture 

was mixed by vortex mixer and centrifuged at 12,000xg at 40C for 5 

min. An aliquot of the supernatant was taken for protein determination 

(Bradford method, BioRad protein determination kit).   Another aliquot 

(1.5 ml) was taken, mixed with 0.25 ml ONPG (4 mg/ml in 

distilled/deionized H2O and filter sterilized), and incubated at 30oC for 

at least 30 min, but not longer than 4 h, with time monitored closely. 

Blank determinations contained no mycelia.   The absorbance (420 nm) 

of the yellow solutions was measured in a double beam 
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spectrophotometer (DMS 80, Varian, Australia).   Calculation of jS - 

galactosidase activity was by use of the formula:  (A420 x 380)-Kmin of 

incubation x mg protein} (Ausebel et al, 1989). 

Lactose permease activity.  Lactose uptake was measured by incubation 

of S. parasttica mycelia and protoplasts with 0.2 \iCi (D-glucose-l-i^c) 

lactose (55.8 mCi/mmol, Amersham).  The procedure was a 

modification of Serrano (1977).  At intervals, aliquots were taken, 

washed, homogenized, and then radioactivity was measured with a 

scintillation counter. 

Other methods.  Agarose gel electophoresis of DNA was as described 

in Sambrook et al, (1989).   Marker DNA was typically Hind III 

digested lambda DNA.   Tris-acetate-EDTA (TAE, 0.4 M Tris-acetate; 1 

mM EDTA) or Tris-borate-EDTA (TBE, 89 mM Tris-borate; 89 mM 

boric acid; 2 mM EDTA) were used as buffers.   Probes used for 

DNA:DNA hybridization experiments were either electroeluted from 

gels (Little Blue Tank, ISCO) or extracted by repeated phenol 

digestion and heating of low melt agarose followed by centrifugal 

concentration through an microultrafiltration unit (Centricon 30, 

Amicon, Danvers, MA). 

Restriction enzymes were purchased from Stratagene, La Jolla, 

CA; New England Biolobs, Beverly, MA; Promega, Madison, WI; BRL, 

Gaithersburg, VA; IBI, New Haven, CT.   Enzymes were used according 

to manufacturer specifications. 

Bovine serum albumin (BSA, Sigma) was used as the standard for 

protein determinations.   The blue standards and samples were 

measured at 595 nm. 
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Table 3.  Media used to optimize Omega-3 fatty acid production by S. 
parasttica.  

Medium 1:   Standard medium without glucose 

Medium 2:   Standard medium;    KH2PO4, 1.361   (g/L) 
EDTA, 0.5 
DL-methionine, 0.05 
L-glutamate, 4.00 
Glucose, 20.0 
Minerals (MgCb, MnC^, ZnCh, CaCh, FeCh) 

Medium 3:  Standard medium without glutamate. 

Medium 4:   Standard medium with 0.1 the glutamate concentration. 

Medium 5:  Standard medium substituting casein hydrosylate ([2.0 
g/L]; casamino acids) for glutamate and methionine. 

Medium 6:    Medium 5 with 0.1 the concentration of casein 
hydrosylate. 

All media at pH 7.0.   Glucose added by filter sterilization after 
media were heat sterilized. 

100 mL cultures shaken at 100 rpm in water bath incubator. 
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Figure 5.  S. parasitica mycelia and protoplasts. 

A. S. parasitica mycelia. 

B. Regenerating protoplasts. 

C. Protoplasts of various size and content. 
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Figure 5. 
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Table 4.   Osmotic stabilizers and effect on growth of S. parasitica 
mycelia and protoplast regeneration. 

Stabilizer Growth of protoplasts* Growth of mycelia* 

0.5 M KCli NG NG 

0.4 M KCli NG NG 

0.4 M sorbitoli - + + 

0.5 M sorbitoli + + + 

0.6 M sorbitoli + + + + 

1.0 M sorbitol2 NG + 

1.0 M mannitol2 NG - 

0.5 M sorbitol + 
0.2 M CaCb2 NG NG 

0.5 M sorbitol + 
0.4 M KC12 NG NG 

♦Growth defined as no growth (NG), moderate growth (+), excellent 
growth (++), or 

bursting protoplasts (-) 
iGaugy and Fevre (1982). 
2Perberdy and Ferenczy (1985). 
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RESULTS AND DISCUSSION 

Lipidology 

The definition of an oleaginous microorganism is one that 

accumulates 20-25% of its cell mass as lipid (Losel, 1989; Ratledge, 

1984).   Generally lipid accumulation in yeasts occurs after a growth 

phase that depletes the medium of nitrogen.   This shifts the 

metabolism of the yeast away from growth and into lipid accumulation. 

In continuous yeast culture, media with high carbon to nitrogen ratios 

(30-95:1) favor lipid production (Boulton and Ratledge, 1983; Evans 

and Ratledge, 1983a).  Lipid accumulation in filamentous fungi has not 

been studied as extensively as that of yeasts. 

While nitrogen content of culture medium is important in 

oleaginous yeasts, it does not appear to have the same effect upon lipid 

accumulation in filamentous fungi.   Lipid accumulation by Mucor roimi 

decreased as nitrogen limitation increased in continuous culture 

(Hansson et at,   1989).   Similar results were found with Mortierella 

spp. (Shinmen et al, 1989; Shimuzu et al, 1988) and Pythiwn 

ultimum  (Bowman and Mumma, 1967). 

S. parasitica has very simple nutritional requirements that 

include carbon and nitrogen sources, thiamine, methionine (sulfur 

source), and minerals.   Two sources of nitrogen were used in this 

study of lipid accumulation by S. parasitica. Glutamic acid has been 

shown to positively influence lipid accumulation in oleaginous yeasts by 

altering the concentration of NH4+ in the cytosol. A casein hydrolysate 

(Casamino acids, Difco, Detroit) was used as the other source of 

nitrogen. 

The six media used in the study (Table 3) were based on a 

minimal medium developed by Powell et al.  (1972) and provided all 

necessary growth requirements except carbon and nitrogen.   The 

nitrogen content was varied in amount to give carbon to nitrogen (C:N) 

ratios that have been shown to be effective for lipid accumulation in 
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oleaginous yeast.  Medium 2 with a C:N ratio of 12:1 was considered to 

be the standard medium and all other media were derivations of this 
medium.   Medium 1 contained the same glutamate concentration and 

was without glucose and therefore had a C:N ratio of 2:1.  Medium 3 

was the most restrictive in nitrogen content and had a C:N ratio of 

1400:1.   Medium 4 had a C:N ratio of 95:1 which is considered to be 

the upper optimum for lipid accumulation in yeasts.   Instead of 

glutamate and methionine, media 5 and 6 contained a casein 

hydrolysate as nitrogen and sulfur sources. The C:N ratios of these 

media were 7:1 and 70:1, respectively. 

Regardless of temperature, S. parasitica grew well in all media 

except medium 3.   This medium was the most restrictive in nitrogen 

and therefore did not support growth well.   Media 2 and 5 supported 

the growth of S. parasitica as determined by weight of mycelial mats. 

The pH of all media, except medium 1, dropped throughout the 48 h 

of growth to between 5.0 and 5.5.   (In experiments not described, S. 

parasitica was able to grow in acid whey at pH 4.8).  The drop in pH is 

attributed to acid production during metabolism of the glucose.   In 

medium 1, the pH increased to 8.0-8.2 indicating probable release of 

basic amines from metabolism of glutamate. 

Yields of lipid from S. parasitica grown in the six media are given 

in Table 5.   Lipid accumulation was greatest in medium 3 

(C:N=1400:1) which also restricted the growth of S. parasitica and 

resulted in the lowest yields of lipid.   It is likely that the high C:N ratio 

of this medium played a role in the higher percentage lipid found in S. 

parasitica grown in this medium.   In media 4 and 6 which were 

somewhat less restrictive in nitrogen (C:N=95:1 and 70:1, 

respectively) lipid accumulation was higher at 30oC than at 20oC.  The 

C:N ratios used in these media were those which have been shown to 

be the best for lipid accumulation in yeasts.  In this study, media 4 and 

6 raised the total lipid content of mycelia when compared to the 
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standard medium (medium 2).  The nutritionally rich media 2 and 5 

supported the best growth of S. parasitica but yielded the lowest 

percents of lipid overall, especially at 30oC.  This supports the fact 

that C:N ratios are important in lipid accumulation in oleaginous yeasts 

and shows that lipid accumulation in S. parasitica may be a function of 

nitrogen limitation. 

While lipid accumulation data from media 2-6 indicates that 

nitrogen limitation may be significant, medium 1 had the lowest C:N 

ratio (2:1) and gave the highest yields of lipid.   In yeast, glutamate and 

other organic carbon sources typically favor lipid accumulation.  This is 

thought to be a facet of the influence of NH4+ on phosphofructokinase 

which is negatively regulated by citrate but positively regulated by 

NH4+ (Evans and Ratledge, 1985c).  This allows glycolysis to continue 

in the presence of high citrate concentrations which would normally 

inhibit the pathway.  Since glutamate is the only source of carbon and 

the glycolytic pathway was probably not in operation (no 

carbohydrates), this type of regulation was probably not happening in 

S. parasitica when grown on medium 1.   Glutamate was most likely 

directly shunted into the tricarboxylic acid cycle by transamination 

reactions which would result in a-ketoglutarate.   This reaction would 

also raise the pH of the culture medium as the organism tries to void 

the resulting amines.   It would therefore appear that the organism 

would be deficient in acetyl units for de novo lipid biosynthesis. 

Production of acetyl units for fatty acid synthesis was most likely by 

malate dehydrogenase (malic enzyme).   This enzyme produces 

pyruvate from malate and the pyruvate is subsequently converted to 

acetyl CoA, the precursor for lipid biosynthesis.   In excess, glutamate 

could be a very favorable substrate for lipid accumulation provided the 

activity of malic enzyme is sufficient. 

Production of higher yields of lipid by S. parasitica might be 

feasible.   The organism grew well on media 2 and 5 but produced little 
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lipid, however medium 3 did not support the growth but gave higher 

percentages of lipid.  A way to combine the features of both media 

would be to grow large quantities of biomass on a nutritionally rich 

medium that does not support lipid accumulation and then shift to a 

nitrogen deficient medium.  This would shift the metabolism of the 

organism into lipid accumulation and depress growth. 

The fatty acid profiles of lipid extracted from S. parasitica 

grown on the six media at 20° or 30oC are given in Table 6.   S. 

parasitica is one of the few microorganisms that is able to produce 20 

carbon omega-3 fatty acids.   Gellerman and Schlenk (1979) found that 

the organism could produce 20% of its fatty acid profile as 4, 7, 10, 

13, 17-eicosapentaenoic acid (EPA) when grown at 250C.   In this 

study, the highest amount of EPA was produced by S. parasitica when 

grown on medium 1 at 200C (25.72%).   One sample from this 

treatment exceeded 30% EPA.   Media 3, 4, and 6 were the poorest 

growth media for optimization of EPA production.   This indicates that 

S. parasitica requires a C:N ratio much less than 70:1 for optimum 

production of EPA.  From the data, it appears that a C:N ratio between 

12:1 and 2:1 favors EPA production. 

It has been shown in many organisms that cellular lipids become 

more unsaturated during growth at low temperatures (Neidleman, 

1987).  Therefore, one would expect that the unsaturated fatty acids of 

S. parasitica would increase in relation to the saturated fatty acids at 

the lower temperature of growth.   In Table 7, the unsaturation index 

indicates that this is the case in all media except medium 2.  At 30oC 

S. parasitica  produces more of the PUFA arachidonic acid (20:4 n-6) 

than at 20oC.  This is most apparent with medium 2 and is the reason 

for the higher unsaturation index at 30oC.  Additionally, when grown in 

medium 2 the relative proportions of the saturated fatty acids myristic 

(14:0) and stearic (18:0) are significantly higher at 20° than at 300C. 

This is most readily apparent when the n-3/saturated fatty acid ratios 
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are compared; in all media except 2, the ratio favors 20oC. 

The most notable effect of production of higher levels of EPA at 

20oC was a decrease in the amount of the monounsaturated oleic acid 

isomers (18:1 n-7,9) and palmitic acid (16:0).   The ratio of n-3/n-7,9 

favors 20oC in all cases.  Comparison of the n-3/n-7,9 ratios suggests 

that the 18:1 isomers accumulate at 30oC rather than at 20°C. This 

could be an indication of activation of the desaturase (A* 2) responsible 

for production of 18:2 n-6 from 18:1.  The pathway for de novo 

synthesis of EPA by S. parasitica has been shown to proceed through a 

series of desaturation and elongation steps.  The final step is the 

methyl-directed desaturation of arachidonate (Figure 8).   The fatty 

acids 18:3, n-6 and 20:3, n-6 appeared as minor peaks in 

chromatograms of fatty acid methyl esters (Figure 9).   and remained 

minor fractions of the total fatty acid profile.   This is in agreement 

with Gellerman and Schlenk (1979).   Since arachidonate is the next 

major fatty acid in the pathway to EPA and the intermidiate fatty acids 

20:3 and 18:3 do not accumulate with much effect on overall EPA 

levels, temperature regulation of EPA production appears to occur at 

the Ai2-desaturation step. 

In filamentous fungi, the initial desaturation of palmitic or 

stearic acids can proceed by two pathways (Weete, 1974; Wassef, 

1977).  The first and most common pathway is direct desaturation 

from stearyl- or palmitylCoA and occurs at the cell membrane level. 

The alternative pathway is desaturation of phosphpolipid-bound stearic 

or palmitic acids.  It is unknown which system S. parasitica uses; 

however, Gellerman and Schlenk (1979) showed that the substrate for 

the Ai2-desaturase (oleic to linoleic) is phosphatidylcholine (PC). 

These authors also postulated that the desaturation of stearic acid 

occurs at the phospholipid level.   Temperature regulation of the Ai2- 

desaturase of Neurospora crassa has been shown to occur 

(Gabrielides.et aL, 1982) with the enzyme beginning to lose activity at 
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30oC as compared to 250C.  Neurospora crassa uses oleyl-CoA as a 

substrate for the Ai2-desaturase.  Additionally, work in the laboratory 

of Martin (Aaronson, et at, 1982; Martin and Johnston, 1983; 

Martin.et al, 1981) has shown changes in the PC fractions of polar 

lipids extracted from Neurospora  forced to aclimate to lower 

temperatures.   Specifically, PC levels were reduced at colder 

temperatures (Martin, et al, 1981). 

While S. parasitica apparently desaturates fatty acids in a 

manner dissimilar from Neurospora ,   a decrease in PC levels at colder 

temperatures could alter the fatty acid profile of S. parasitica. A shift 

in phospholipid pools away from PC would reduce the availability of 

substrate for the A9 and Ai2-desaturases.  This would have the effect of 

reducing the amount of oleic acid formed, which is consistent with 

the data in Table 6.   In all cases where a significant difference between 

temperatures is noted (media 1, 2, and 5; all not nitrogen limiting), 

less oleic acid is present at 200C.   However, there is a significant 

increase in linoleic acid at 20oC.  This apparent contradiction can be 

explained if the Ai2-desaturase of S. parasitica is temperature labile 

and responds in a manner similar to that noted by Gabrielides, et al. 

(1982) for the Neurospora Ai2-desaturase.   Additional evidence for 

low heat stability of S. parasitica proteins is found in the environment 

that the organism inhabits - generally cold water (Alexopoulos and 

Mims, 1979). 

This research did not explore the effect of temperature and 

medium on phospholipid composition.   Gellerman and Schlenk (1979) 

examined neutral and phospholipid composition of S. parasitica 

grown on a medium similar to that of the standard medium (medium 

2) used in the current work.  Approximate amounts of each class of 

lipid were: phosphatidylcholine, 25-30%; phosphatidylethanolamine, 

25-30%; other phospholipids, 20-30%; and neutral lipids 15-25%. 

The sterol portion was not measured.   Of the total EPA found in S. 
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parasitica, 20-30% was found in the phospholipid fractions.   While 
temperature has been shown to alter the neutral and phospholipid 

composition of lipids in fungi (see above discussion), the medium 

composition influences the phospholipid profile more than the neutral 

lipids of filamentous fungi (Losel, 1989).   The fatty acid profile of S. 

parasitica is clearly influenced by medium composition as is indicated 

by the data presented here.  The major changes in the total fatty acid 

profile of S. parasitica are probably because of phospholipid 

compositional changes.   It would be informative to examine the fatty 

acid profiles of both neutral and phospholipids from S. parasitica. 



Table 5.  Lipid accumulation and yields1 by S. parasitica grown on six media at 20 or 300C. 

(0C) 

% lipid 
fdrv weight) 

mg lipid/ 
liter medium 

Temperature 20                       SO 23" 30 

C:N ratio 

Medium 1 2:1 7.6                      11.9 224 132 
Medium 22 12:1 2.9                        1.9 181 155 
Medium 3 1400:1 13.2                      16.0 68 82 
Medium 4 95:1 3.0                        8.9 126 172 
Medium 52 7:1 4.6                        2.5 223 174 
Medium 6 70:1 3.3                        8.8 165 181 

lYield of lipid = {(% lipid x weight mycelia) -5- liters of growth medium}=mg lipid/liter medium. 
2Best growth medium. 

00 



Table 6. Fatty acid profiles1 of lipids extracted from S. parasitica grown at 20 or 300C on six media with varying nitrogen and 
carbon sources. 

Medium 1 2 3 4 5 6 
Temperature(0C)   20 30 20            30            20 30            20            30 20       3020            30 

Fattv acid 

C14:0 7.49d 7.40d ll.Olbc       7.20^ 13.67ab 15.07a 14.15^ 15.65a 10.97bc   9.11«i 13.84ab 14.89a 

C16:0 19.78^ 25.69abc 21.3(^cd 23.96b 23.76b 28.38a 23.97b 27.86a 18.27«l21.30bcd 23.02bc 26.93ab 

C18:0 1.82f 2.34f 4.80od       2.92f 5.93bc 4.64od       9.72a 7.03b 3.23^ 4.37cde 6.97b 5.04al 

C18:ln-7,9 11.66c 19.44b 16.93b 22.71a 17.01b 18.77b 19.25b 17.83b 18.78b   24.67a 17.47b 16.86b 

C18:2n-6 19.54a 14.38b 12.42bc I2.72bc ii.66«l 11.88c 11.25cd 12.00c 11.66«l   9.76d 11.49cd I2.94bc 

C20:4n-6 8.57ab 9.10a 4.78e 7.57bcd 7.61bcd 8.18abc       6.53^ 7.15c 7.18c     9.08a 7.72bc 8.71ab 

C20:5n-3 25.72a 17.86bc 18.33bc 16.95bc I0.85de 7.2le        8.38c 6.46e 18.42b 14.00cd 10.7lde 6.77e 

abcdefvalues in a row with similar superscripts are not significantly different (p<0.05). 

1 Relative percentage of fatty acids as determined by gas chromatography. 

CO 



Table 7.   Pertinent transformations of fatty acid profiles of S. parasitica. 

Medium 1 

20 30 

2 3 4 5 6 

Temp. (0C) 20 30 20 30 20 30 20 30 20 30 

Total 
Saturated 29.09 35.43 37.11 34.08 43.36 48.09 47.84 50.54 32.47 34.78 43.83 46.86 

PUFAl 53.83 41.34 35.53 37.24 30.12 27.27 26.16 25.61 37.26 32.84 29.92 28.42 

Sat/unsat.2 .44 .58 .71 .57 .92 1.04 1.05 1.16 .58 .60 .92 1.03 

Un. index3 213 174 153 163 125 111 110 103 163 151 125 111 

n-3/sat. .88 .50 .49 .50 .25 .15 .18 .13 .57 .40 .24 .14 

n-3/n-7,9 2.21 .92 1.08 .75 .64 .38 .44 .36 .98 .57 .61 .40 

n-3/n-6 .91 .76 1.07 .84 .56 .36 .47 .34 .98 .74 .56 .31 

20:5/20:4 3.0 1.96 3.83 2.24 1.43 .88 1.28 .90 2.57 1.54 1.39 .78 

iPUFA^otal of fatty acids with two or more double bonds. 
2Sat/unsat. = total saturated fatty acids + total fatty acids with one or more double bonds. 
3Unsaturation index=Z{(mol% each unsaturated fatty acid x number of double bonds)}. 

U1 
o 
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Figure 8.   Pathway of eicosapentaenoic acid formation in S. parasitica 

(Gellerman and Schlenk, 1979). 
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Figure 9.   Profiles of fatty acids extracted from lipids of S. parasitica 

grown on medium 1 (A) or medium 3 (B).   Peak a - myristic acid 

(14:0); b - palmitic acid (16:0); c - stearic acid (18:0); d - oleic acid 

(18:1 isomers); e - linoleic acid (18:2 n-6) f - arachidonic acid (20:4 n- 

6); g - EPA (20:5 n:3). 
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Molecular biology 

The major emphasis of this research was the genetic alteration 

of S. parasiticcL Since this organism does not have the ability to grow 

on lactose, presumably because it lacks a JS-galactosidase gene, it was 

necessary to transfer a gene into S. parasttica. 

There are several necessary criteria of a cloning system that 

facilitates transformation in filamentous fungi:   1) an efficient DNA 

uptake or transformation procedure; 2) a means of selection or 

marking transformed colonies; 3) stable transformants; and 4) the 

expression of cloned DNA must be sufficient to identify transformants 

(Tudzynski and Esser, 1985).   The first step in developing a 

transformation system for filamentous fungi is the production of viable 

protoplasts that are able to regenerate and revert into normal colonies. 

Protoplasts are osmotically sensitive bodies that are formed 

when the cell wall of the hyphae is enzymatically removed, this leaves 

the cell membrane intact and surrounding cytosolic material.   Several 

commercial enzyme preparations are available that have been shown to 

digest the cell wall polysaccharide polymers to yield viable protoplasts. 

The most commonly used enzyme mixture is Novozym 234 (Novo 

Industry, Bagsvaerd, Denmark) and is derived from the mold 

Trichoderma harzianum    (Timberlake and Marshall, 1989). 

Protoplasts have been formed from Neurospora (Yelton et at, 1984), 

Penicillium spp (Gaugy and Fevre, 1985), various ectomycorhhizal 

fungi (Barrett et al, 1989), and other molds (Kitamoto et al, 1989). 

Other enzyme mixtures have been developed and used for forming 

protoplasts (Gaugy and Fevre, 1982; Peberdy, 1985).   Gaugy and Fevre 
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(1982) used a commercial enzyme mixture (Driselase, Fluka, 

Ronkonkona, NY) from the fungus Irpex lacteus to form protoplasts 

from Saprolegnia monoica.    Saprolegnia and other oomycetes differ 

from other filamentous fungi by the chemical composition of the cell 

wall which has an impact on the type of enzymes used to make 

protoplasts.   OSmycetes have cell walls composed mainly of cellulose-JS- 

glucans while most other fungal cell walls are composed of chitan or 

mannan-JS-glucans (Alexopoulos and Mims, 1979).   Driselase and 

cellulase were used to make protoplasts from S. parasitica. 

The choice and concentration of osmotic stabilizer has been 

shown to have an effect on formation, regeneration, and reversion 

(growth into normal colonies) of protoplasts (Peberdy and Ferenczy, 

1985).   Sugar alcohols (sorbitol and mannitol), divalent and 

monovalent salts, and sucrose in various concentrations and 

combinations have been used to stabilize protoplasts.  Gaugy and Fevre 

(1982) found that formation of protoplasts of Saprolegnia monoica 

were stable in several types of osmoticum, including; 0.5M MgS04, 

0.5M KCl, 0.5M KCl and 0.2M CaCb, 0.5M sorbitol and 0.2M CaCb. 

These workers did not evaluate the subsequent regeneration and 

reversion of protoplasts.   Revertants were found when 0.7M NaCl, 

0.7M KCl, 0.7M NH4CI, and 0.7M sorbitol were used as osmoticums for 

Penicilliwn spp. (Gaugy and Fevre, 1985).  Typically Aspergillus  spp. 

protoplasts used for transformation experiments are stabilized with 

1.2M MgS04 or 1.2M sorbitol (Yelton et at, 1984). 

Table 4 shows the osmotic stabilizers used in experiments with 

S. parasitica.  Growth of S. parasitica was inhibited by most salt 
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osmoticums either alone or with sorbitol.   High concentrations of 

polyols also inhibited the outgrowth of protoplasts.   The conditions 

described in the materials and methods resulted in good yields of 

protoplasts (ca. 1.0 xlO? protoplasts/ml) from 100 ml cultures of S. 

parasitica grown in PDB or standard medium.  When plated onto 

osmotically stabilized regeneration medium, 20-30% of the 

protoplasts regenerated with revertants overgrowing plates in 4-7 

days. 

For most microorganisms it is easier to achieve transformation 

with an indigenous plasmid as a vector for new DNA.  This mandates 

the identification and isolation of an indigenous plasmid and 

subsequently cloning the new gene into the plasmid.   In filamentous 

fungi, relatively few cytosolic or nuclear associated plasmids have been 

found; however, mitochondria associated plasmids are more common 

and have been found in several filamentous fungi (Tudzynski and 

Esser, 1985; Timberlake and Marshall, 1989).   Lambowitz and 

coworkers (Collins et ah, 1981; Stohl, et al, 1982) identified several 

plasmids in the mitochondria (mt) of Neurospora spp.  These 

mtplasmids were unique and showed little or no homology with the 

mtDNA.   These workers subsequently (Stohl and Lambowitz, 1983) 

constructed a recombinant plasmid that improved transformation 

rates 10-50 times over that of plasmids that historically had  been 

used for Neurospora. 

One of the primary goals of this research was to determine if S. 

parasitica harbored any cytosolic or mtplasmids which could be used 

to facilitate future cloning work.   Based on electrophoresis patterns of 
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DNA isolated from whole mycelial homogenates and purified 

mitochondrial preparations, no plasmid DNA was ever found.   Clarke- 

Walker and Gleason (1973) isolated DNA from Saprolegnia sp. and 

ultracentrifuged the DNA.  These workers found three bands of DNA in 

ethidium bromide-cesium chloride density gradients after 

ultracentrifugation and described the lighter of the bands as mtDNA 

that had been extensively linearized by the violent preparation 

procedure.   These and the results from S. parasitica indicate that 

Saprolegnia does not harbor plasmids.   Since plasmids were not 

found, other sources of cloning vectors were sought. 

In genetic transformation procedures it is important to be able 

to select for and identify transformed organisms.  There are two ways 

in which this is accomplished - by complementation and by antibiotic 

resistance.   Complementation is the event by which a defective 

(auxotrophic mutant) or absent gene is replaced by a gene introduced 

by either foreign DNA or mating (Watson et al,   1987).  The 

development of well defined auxotrophic mutants of Neurospora and 

Aspergillus  have formed the groundwork for plasmid transformation 

procedures in filamentous fungi.  Alternatively, chromogenic 

compounds that are metabolized into colored compounds can be used 

to identify transformed organisms.  The best known of these is X-gal 

(5-bromo-4-chloro-3-indolyl-J3-D-galactoside).   An organism 

transformed with jS -galactosidase genes should produce blue colonies 

if a successful transformation occurred.  Antibiotic resistance markers 

have been widely used in bacterial transformations and have not found 

as extensive use in filamentous fungi transformations. This is mainly 
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because of the identification of genes that impart antibiotic resistance 

in eukaryotes has lagged behind (as has eukaryotic recombinant DNA 

technology) that of bacteria.  Antibiotic resistance markers for 

bleomycin (van Engelenburg, et at, 1989), hygromycin B (Cullen.et al, 

1987), benomyl (Henson, et al,   1988), and others have been used to 

transform genetically undefined filamentous fungi.  The ability to 

transform genetically undefined organisms is a powerful and time 

saving procedure. 

In keeping with the goal of transforming S. parasitica to lactose 

use, plasmids were chosen that contained a JS -galactosidase gene. 

Plasmid pUC8 (Figure 4) has the E. coli Lac promotor, operator and Z 

08 -galactosidase) portions of the Lac operon.   Inserted into the initial 

sequence of the jS -galactosidase portion is a multicloning site which 

contains sequences for several restriction enzymes.   It was unlikely 

that this plasmid would transform S. parasitica because of differences 

in the recognition sequences in the promotor regions between 

eukaryotes and prokaryotes.  van Gorcom et al. were able to obtain 

expression of E. colijS -galactosidase in Aspergillus nidulans by 

forming a chimeric plasmid that contained portions of A. nidulans 

DNA (trpC promotor) and lacZ portion of the jS -galactosidase gene 

from E. coll  The fusion gene allowed for selection of A. nidulans by 

the appearance of blue colonies on media that contained X-gal. 

Turgeon et al  (1987) used a similar strategy but more of a shotgun 

approach to identify promotor regions of CocMiobolus heterostrophus 

DNA that would allow genes for antibiotic resistance to be expressed. 

A similar strategy was tried in this work.   pUC8 was cut at the Smal 
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site in the multicloning region and S. paras itica DNA was digested 

with Sma 1.   The DNAs were mixed and ligase was added and then the 

DNA was used in transformation procedure with S. parasitica.   Neither 

pUC8 nor the ligation mixtures were ever shown to transform S. 

parasitica. At this point it was assumed that pUC8 was an 

inappropriate vector to use for S. parasitica and that a vector that 

contained a fungal JS -galactosidase gene would prove more successful. 

The plasmid pKRlBLAC4-l (Figure 4) was used by Sreekrishna 

and Dickson (1985) to transform Saccharomyces cerevisiae  to lactose 

utilization.   This large plasmid   (19 kb) includes LAC4 OS - 

galactosidase) and LAC 1 (lactose permease) genes of Kluyveromyces 

lactis,  cloned into the £. coft plasmid pBR322.   This plasmid also has 

the transposon Tn903 which codes for kanamycin resistance in 

prokaryotes and antibiotic G418 resistance in eukaryotes.  The gene 

codes for aminoglycoside phosphotransferase-3' which inactivates 

several aminoglycoside-type antibiotics (Webster and Dickson, 1983). 

Initial attempts to transform S. parasitica with the plasmid were 

unsuccessful, blue colonies were never formed and when antibiotic 

was used all colonies stopped growing.  The fusogen polyethylene 

glycol has been shown to be absolutely necessary for transformation of 

filamentous fungi (Timberlake and Marshall, 1989), unfortunately, PEG 

has been shown to be toxic and decrease regeneration of protoplasts 

(Turner and Ballance, 1985).  Various workers have found that 

concentration and molecular weight of the PEG used will effect the 

efficiency of protoplast transformation.  This was the case with S. 

parasitica  Early transformation attempts with PEG-6000 at 40 and 
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60% (w/v) were unsuccessful, when 25% PEG-4000 was used 

transformants began to appear. An additional aid to transformation 

was the incorporation of a small amount of glucose (0.1%) in the 

regeneration medium.  This presumably provided a readily available 

carbon source to the stressed and actively metabolizing protoplasts. 

In bacterial transformation procedures, relatively small 

quantities (< lp.g) of DNA are required to transform competent cells at 

a high efficiency. This is not necessarily the case with filamentous 

fungi where brut force and high concentrations of plasmid DNA are 

required for transformation.   Depending on the plasmid and bacteria, 

bacterial transformation procedures with E. coli can expect 104 to 109 

transformants per jig DNA.   The most developed transformation 

systems for Neurospora and Aspergillus have not approached this and 

range from 10-150 transformants/\ig DNA (Ballance and Turner, 

1985; Stohl and Lambowitz, 1983; P.W. Garrett, 1990, personal 

communication).   For less genetically defined organisms, 

transformants/ng DNA are much lower for example 1-5 transformants 

of Penicillium chrysogenum (Bull et al, 1988), 0.08-0.3 transformants 

of Claviceps purpurea (van Engelenburg et al, 1989) and 35 

transformants of Magnaporthe grisea (Parsons et al, 1987).   In this 

study, 0.2-5 transformants/ng DNA were obtained from protoplasts of 

S. parasitica. The number of transformants obtained seemed to vary 

with no particular reason.   Attempts were made to use the selection 

marker on pKRlBLAC4-l that coded for resistance to antibiotic G418. 

Sreekrishna and Dickson (1985) found that selection of transformed 

Saccharomyces cerevisiae was not possible when G418 was included 
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in the regeneration medium.   Apparently, directly after transformation 

the organism is in a weakened state and needs recuperation time 

before antibiotic resistance is conferred.   This is also the case with 

filamentous fungi (Parsons et al., 1987; Bull et al, 1988; Turgeon et 

at, 1987).   Selection of transformants based on antibiotic resistance in 

yeast and molds therefore requires an extended recuperation before 

the antibiotic is applied.  When G418 was applied to regenerating 

protoplasts of S. parasitica,   regardless of the time after transformation 

(0-24 h), growth of all colonies was stopped.   The most likely reason 

that S. parasitica remains susceptible to G418 is that the gene that 

codes for G418 resistance is not being transcribed by the organism. 

Without the phosphotransferase enzyme, S. parasitica would remain 

susceptible to the enzyme.  This hypothesis could have been examined 

by analysis of mRNA transcripts (northern hybridization) but was not 

deemed necessary. 

While selection was not possible by use of the antibiotic 

resistance marker on the plasmid, blue colonies did form on medium 

that contained X-gal.   No blue colonies were ever found growing on 

control (no plasmid) plates.   Background growth was always apparent 

and made isolation of transformed colonies difficult; an antibiotic 

selection method would have been useful.   Blue colonies were 

transferred to selective medium (RM without glucose or sorbitol) and 

generally grew very slow, if at all.  Additionally, colonies lost the blue 

color.  This indicated that either the jS -galactosidase gene was not 

being expressed any longer, therefore the lack of color or that lactose 

or X-gal was unable to get into the cell to be metabolized.  The reason 
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that blue colonies were formed from protoplasts was because of 

incomplete cell walls which would allow leakage of cell material 

and/or easier transport of lactose or X-gal through the cell membrane. 

Most transformants that were recovered from initial selection plates 

were unstable and did not grow; however, two transformants SP829 

and SP125 were able to grow on medium that contained lactose. 

Further work was with these two transformants. 

While SP829 and SP125 grew on RM, no color was apparent 

when X-gal was included in the medium.  This suggested that the 

organisms were not transporting the chromogen or lactose across the 

cell wall.   To further test this hypothesis, the transformants were 

grown in liquid RM and the pH was monitored.   In either case the pH 

of the medium did not drop as would be expected if the organisms 

were using the lactose.   In RM with glucose, a pH drop was noted. 

The lack of color on RM with X-gal and the failure to reduce the pH of 

liquid medium indicated that the jS -galactosidase gene was not 

functioning, not present, or lactose was not being transported into the 

cell. 

To determine if the J5 -galactosidase  gene was present in S. 

parasitica, DNA:DNA hybridizations (Southern blotting) were done 

using DNA extracted from S. parasitica and SP829.  Two probes were 

used for the hybridization; the first probe (fi) corresponded to the 

LAC4 gene while the second probe fo) corresponded to the lactose 

permease gene (Figure 7).   Figure 10 shows a crude dot blot of DNA 

from S. parasitica and SP829 probed with f2.   It is clear that the probe 

hybridizes to the DNA extracted from SP829, this indicated that this 
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portion of the plasmid was present in the DNA of SP829.  When S. 

paras itica DNA was digested with Bgl 2, separated by electrophoresis, 

and subsequently probed with fi, the band that corresponds to the 

LAC4 fragment of the plasmid was the only band that hybridized to the 

probe (Figure 11). 

The data in Figures 10 and 11 indicated that the plasmid was 

present in DNA extracted from SP829.   Timberlake and Marshall 

(1989) reviewed integration of plasmid DNA in filamentous fungi and 

suggested that circular plasmid DNA rarely is present and that 

plasmids integrate into a chromosome of the fungus.  There are 

several points on pKRlBLAC4-l that might show homology with S. 

parasitica DNA, these points would allow for homologous 

recombination events.  The most notable point is at the autonomously 

replicating sequence section (ARS) which contains sections of the 

TRPJ   gene of Saccharomyces cerevisiae  (Rine and Carlson, 1985). 

ARS sections are fragments of DNA which occur about every 40 kb in 

the genome and function as replication sites for the DNA.  These 

fragments have shown functionality, although different, in yeast and 

filamentous fungi.  In filamentous fungi, ARS from yeast act as points of 

homology and subsequent integration points of the plasmid into the 

chromosome (Turner and Ballance, 1985).   In yeast, the ARS acts as 

an origin of replication for the plasmid (Rine and Carlson, 1985). 

Southern hybridization of undigested DNA from SP829 showed that 

pKRlBLAC4-l had not integrated into chromosomal DNA of S. 

parasitica (Figure 13). 

Enzyme assays were conducted.to examine if JS -galactosidase 
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was being produced by transformants. The standard assay for J3 - 

galactosidase  uses the chromogen O-nitrophenyl-JS-D-galactoside 

(ONPG) which is hydrolysed to a yellow color by $ -galactosidase.  In 

enzyme assays of mycelial homogenates of S. parasitica, SP829, and 

SP125, only SP829 exhibited marked enzyme activity (Table 8).   It was 

noted that S. parasitica and SP125 contained an enzyme that 

hydrolyzed slowly ONPG.    Enzyme assays showed that SP829 had 4-5 

times the ^-galactosidase  activity of either S. parasitica or SP125. 

SP125 was considered to have lost the ability to produce J5- 

galactosidase. 

The influence of glucose on lactose metabolism was examined in 

cultures of SP829.  Liquid media that contained various amounts of 

glucose and a constant amount of lactose were used to evaluate the 

influence of glucose on J3-galactosidase  activity.   Non-transformed S. 

parasitica was used as a control. Figure 12 shows that glucose 

influences the activity of J3 -galactosidase in the transformant SP829 

and did not influence the activity of the enzyme that hydrolyses ONPG 

in nontransformed S. parasitica.  This suggested that the unknown 

enzyme is a nonspecific glycosidase that does not have a specificity for 

galactosides.   It was also noted that when glucose was included in the 

medium, J3-galactosidase activity was lower in SP829. 

The fact that the J3-galactosidase responded to glucose 

concentration was an unexpected finding.   Intuitively, an organism 

would not be expected to harbor mechanisms to control a unique 

enzyme that had been cloned into that organism.  There is at least one 

possible explanation for this phenomenon.   The plasmid pKRlBLAC4-l 
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has considerable amounts of DNA upstream from the J3-galactosidase 

gene, this DNA was from Kluyveromyces lactis . The LAC4 gene of 

Kluyveromyces lactis functions by use of a promoter sequence and a 

distant upstream activation site (UAS) that is bound by a specific 

activator protein to positively regulate the gene (Ruzzi, et aL, 1987). 

The UAS for LAC4 has been shown to be 326 bp to 435 bp upstream of 

the translation start site and is therefore noncoding (Ruzzi, et al., 

1987).   The activator protein is the product of the LAC9 gene ( Ruzzi, 

et al, 1987) which is not present on the plasmid.   Lack of the 

activator protein could be the reason for the low levels of J5 - 

galactosidase produced.   Upstream activating sequences have been 

shown to have some homology between genera (Ficca and Hollenberg, 

et aL, 1989) and function in both activation and deactivation of LAC4. 

Brent and Ptashne (1984) showed that yeast UAS acted as a target 

sequence for bacterial represser proteins which effectively blocked 

transcription.  The possibility exists that in S. parasitica the UAS of 

the LAC4 gene from K. lactis is regulated by a protein that is activated 

by glucose or as in E. coft  , cAMP (Ptashne, 1986).   Cyclic AMP levels 

decrease when glucose is in abundance, it is therefore unable to bind 

with the catabolite activator protein (CAP) which is necessary for 

transcription of genes that code for alternative sugar usage (Watson, et 

al., 1987).  S. parasitica has been shown to use other sugars as growth 

substrates (Powell, et al,   1972) and could be expected to regulate 

sugar metabolism in a similar manner, e.g. preferential use of glucose 

over other sugars. A decrease in the amount of cAMP, because of 

glucose, could have deactivated an unidentified CAP-type protein that 
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was bound to the UAS of LAC4.  This would have effectively decreased 

transcription of the LAC4 gene and decreased levels of JS-galactosidase 

with respect to glucose levels. 

Since the gene for JS-galactosidase was present in S. parasitica 

and .3 -galactosidase was being produced by the organism but lactose 

was not being used efficiently, it was determined that lactose was not 

being transported into the cell.   If the lactose permease gene of 

pKRlBLAC4-l was not being transcribed or if the lactose permease 

was nonfunctional in S. parasitica,  this would have prevented lactose 

from entering the cell.   To test the hypothesis that the lactose 

permease was nonfunctional, 14C-lactose was used to examine uptake 

of lactose by mycelium and protoplasts of S. parasitica.  Neither 

protoplasts nor mycelium of SP829 were able to uptake i^C-lactose as 

determined by the failure to increase radioactivity within these bodies 

during incubation.   This indicated that the lactose permease of K. 

lactis was not being expressed or was nonfunctional in S. parasitica. 

Sreekrishna and Dickson (1985) showed that transformation of 

Saccharomyces cerevisiae to Lac+ was possible but that without the 

lactose permease gene the transformed yeast were unable to grow on 

lactose.   Since J5-galactosidase was produced from the gene on the 

plasmid, which indicated that the promoter of K. lactis worked in S. 

parasitica,  the lactose permease was probably produced but it was 

nonfunctional.   Lactose permease is a cell membrane spanning protein 

that has specific domains with respect to the membrane (Dommair 

and Jahnig, 1989).   The membrane composition has been shown to 

have an effect on the activity of the en2yme (Dommair and Jahnig, 
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1989) and could be the reason that it has no activity in S. parasitica. 

In filamentous fungi, the stability of plasmids that have not 

recombined with the chromosome is poor (Turner and Ballance, 

1985).   The transformant SP829 lost the plasmid pKRlBLAC4-l in 4-6 

months even though the transformant was maintained on medium that 

contained lactose.   Since the plasmid did not incorporate into 

chromosomal DNA, this finding though unfortunate was not 

unexpected.   An alternative cloning vector, pES200, that contained 

the trpC promotor of Aspergillus nidvlans was used in an attempt to 

increase stability of the transformants.  This plasmid (Figure 4) 

harbors the evolutionarily conserved (Kos, et at, 1988) promotor 

region of the trpC gene and has been shown to function in several 

filamentous fungi and E. coll The plasmid also contains hygromycin B 

resistance marker.   When used in transformation procedures with S. 

parasitica,   the plasmid was never able to confer antibiotic resistance 

to the organism.  A stable transformant might be obtained if the trpC 

promotor of pES200 was used to probe extensively digested S. 

parasitica.   Since the promotor region has been shown to be conserved 

over several genera, it could be assumed that homology would exist in 

some DNA sequences from S. parasitica. 
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Table 8. J3-galactosidase activity in mycelial homogenates from 
transformed (SP125 and SP829) and nontransformed S. parasitica.1 

Organism J3-galactosidase activity^ 

(U/min x mg protein) 

SP125 0.70±.113 

SP829 4.69+ .33 

S. parasitica 0.88+ .27 

1 Organisms were grown on RM medium containing 2% lactose. 

2Activity = (A420 x 380)/min of incubation x mg protein. 
p.m ONPG hydrolysed/min mg protein. 

3Mean of three experiments. 
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Figure 10.   Dot blot of DNA from SP829 (A) and nontransformed S. 
parasitica (B).  Probe used was f2, which corresponds to the lactose 
permease gene of pKRlBLAC4-l.   Probing procedure as described in 
Materials and Methods.  Al, A2, A3 = 1, 5.7, 11.4 ^ig SP829 DNA; Bl, 
B2, B3 = 1, 5, 11 ng S. parasitica DNA, respectively.   Cl-5 = 10, 1.0, 
0.1, 0.01, 0.001 pg pKRlBLAC4-l, respectively. 
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Figure 11.   Southern hybridization of Bgl 2 digested DNA from SP829 
and nontransformed S. parasitica.   DNAs were electrophoresed 
through an 0.8% agarose gel (A) before being alkaline transferred to a 
nylon membrane (B).   Probe used was 2.9 kb fragment (50 ng) from 
the LAC4 gene of pKRlBLAC4-l (fi), hybridization was as outlined in 
Materials and Methods.   Lane 1, marker (Hind 111 digested lambda 
DNA); lanes 2 and 7, probe fi; lanes 3 and 8. 1 |ig SP829 DNA; lanes 5 
and 10, 4 |ig SP829 DNA; lanes 4 and 9, 5 |ig S. parasitica DNA; lanes 
6 and 11, 10 |ig S. parasitica. 
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Figure 12.  The influence of glucose on J5-galactosidase activity in 
transformed S. parasitica and nontransformed S. parasitica. 



71 

10   9876      5432       1 

Figure 13.   Southern hybridization of whole DNA from SP829 
electrophoresed through an 0.8% agarose gel (A) and transferred to 
nylon membrane (B).   Probed with an 8.5 kb Xba 1 fragment of 
pKRlBLAC4-l.   Lane 1, marker; lanes 2 and 6, probe; lanes 3 and 7, 
12 ^ig SP829 DNA; lanes 4 and 8. pKRlBLAC4-l; lanes 5 and 10; 6 ^g 
SP829 DNA. 
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CONCLUSIONS 

The primary objectives of this research were to develop an 

organism that could produce omega-3 fatty acids when grown on a 

medium that contained lactose.   Saprolegnia parasitica was shown to 

produce an omega-3 fatty acid when grown on a medium that 

contained glucose.   The influence of medium composition with 

respect to carbon and nitrogen source showed that optimum lipid and 

omega-3 fatty acid production occurred in a medium that contained 

glutamate as carbon and nitrogen sources.  Omega-3 fatty acid 

production was also favored at 20oC regardless of the medium 

composition.   Overall unsaturation also increased with decreased 

temperature.   The major fatty acids effected by temperature were 

oleic, palmitic, and eicosapentaenoic acids.   The data indicated that 

deactivation because of temperature may occur at the A12-desaturase 

leading to omega-3 fatty acids. 

The majority of the research was involved in the genetic 

alteration of S. parasitica.  A transformation procedure was developed 

that allowed selection of transformants of S. parasitica based on the 

production of J$-galactosidase.  Because the plasmid DNA did not 

incorporate into chromosomal DNA, transformants were unstable. 

While transformants were shown to be unstable, the transformation 

procedure should work for plasmids that incorporate into 

chromosomal DNA.  A plasmid based on the trpC promoter of 

Aspergillus nidulans may lead to stable transformants. 

The economic considerations of this project are substantial. 

Lactose and cheese whey permeate are an economic burden to cheese 
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producers and a potential environmental burden for the community. 

Production of microbial lipids from whey permeate has been shown to 

be feasible, provided the lipid can compete with traditional sources. 

In 1986, capsules of omega-3 fatty acid containing oil were selling for 

$0.33 to $0.66/gram ($327-$665/kg) fatty acid (D.H.S. Greene, 

personal communication).  At that time, these figures made 

production of oil that contained omega-3 fatty acid economically 

desirable and feasible.   Since that time, the effectiveness of omega-3 

fatty acids in control of various heart diseases  has come under close 

scrutiny.  In the past year the Food and Drug Adminstration has 

stopped manufacturers of fish oils from making health claims. 

Regardless of this action, scientific and epidemiological evidence 

shows that intake of omega-3 fatty acids can benefit cardiovascular 

health. 
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ANALYSIS OF VARIANCE AND COVARIANCE 

Dependent variable: myristic 

Independent variable medium   - Codes: 1   2   3   4   5   6 
Independent variable temp     -- Codes: 1   2 

ANALYSIS OF VARIANCE 

EFFECT SS       df MS 

A (medium  ) 676.4240 5 135.2848    18.633    .0000 
B(temp    ) 1.7236 1 1.7236      .237   .6332 
AxB 71.8000 5 14.3600     1.978    .0934 

Within 457.4046        63 7.2604 

Means and Standard Deviations for Dependent Variable myristic: 

MEAN ST.DEV.      N 

~774li7T T!2336 7 
7.3971 2.2370 7 

11.0117 .6388 6 
7.1986 2.6442 7 
13.6650 2.8486 6 
15.0667 5.1038 6 
14.1529 1.2293 7 
15.6457 2.7783 7 
10.9867 .5326 6 
9.1060 3.5462 5 
13.8380 .7591 5 
14.8950 4.3366 6 

Mean for entire sample:      11.6219 
Standard deviation:      4.0579 

N: 75 

CODES 
medium   * temp 

1 *1 
1 *2 
2 *1 
2 *2 
3 •1 
3 *2 
4 *1 
4 *2 
5 •1 
5 *2 
6 •1 
6 *2 
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SUMMARY OF DESIGN 

Dependent variable: palmitic 

Independent variable medium   - Codes: 1   2   3   4   5   6 
Independent variable temp    -- Codes: 1   2 

ANALYSIS OF VARIANCE 

EFFECT SS       df MS 

A (medium  ) 353.0918 5 70.6184    14.749   .0000 
B (temp     ) 299.5934 1 299.5934    62.572    .0000 
AxB 22.4411 5 4.4882      .937    .4643 

Within 306.4313        64 4.7880 

Means and Standard Deviations for Dependent Variable palmitic: 

MEAN ST.DEV.      N 
CODES 

medium   * temp 

1 *1 
1 *2 
2 •1 
2 *2 
3 *1 
3 *2 
4 •1 
4 *2 
5 •1 
5 *2 
6 * 1 
6 *2 

19.7814 1.2282 7 
25.6943 3.8071 7 
21.3033 .6708 6 
23.9614 4.0472 7 
23.7617 2.2917 6 
28.3771 2.5830 7 
23.9714 .8480 7 
27.8571 .6711 7 
18.2750 .8755 6 
21.3020 2.1647 5 
23.0200 1.7357 5 
26.9283 .6234 6 

Mean for entire sample:      23.8253 
Standard deviation:       3.6884 

N: 76 
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SUMMARY OF DESIGN 

Dependent variable: stearic 

Independent variable medium   -- Codes: 1   2   3   4   5   6 
Independent variable temp    -- Codes: 1   2 

ANALYSIS OF VARIANCE 

EFFECT SS       df MS 

A (medium  ) 306.3959 5 61.2792   35.847    .0000 
B (temp     ) 19.1317 1 19.1317    11.192    .0018 
AxB 34.4217 5 6.8843    4.027   .0035 

Within 105.9875        62 1.7095 

Means and Standard Deviations for Dependent Variable stearic : 

CODES 
medium  * temp 

1 *1 
1 *2 
2 •1 
2 *2 
3 •1 
3 *2 
4 •1 
4 *2 
5 •1 
5 *2 
6 *1 
6 *2 

MEAN ST.DEV.      N 

1.8217 .6558 6 
2.3350 .3049 6 
4.7967 2.0465 6 
2.9171 .7594 7 
5.9317 1.5188 6 
4.6357 1.5005 7 
9.7200 1.8923 7 
7.0257 1.3946 7 
3.2267 .3383 6 
4.3720 1.2447 5 
6.9720 1.7356 5 
5.0417 .6252 6 

Mean for entire sample:       4.9423 
Standard deviation:       2.5392 

N: 74 
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> SUMMARY OF DESIGN 

Dependent variable: oleic 

Independent variable medium   - Codes: 1   2   3   4   5   6 
Independent variable temp    -- Codes: 1   2 

ANALYSIS OF VARIANCE 

EFFECT SS       df MS 

A (medium ) 259.5675 5 51.9135   10.024   .0000 
B (temp     ) 169.6105 1 169.6105    32.752    .0000 
AxB 204.4810 5 40.8962    7.897   .0001 

Within 284.8266       55 5.1787 

Means and Standard Deviations for Dependent Variable oleic   : 

CODES 
medium   Memp MEAN        ST.DEV.      N 

T        "i " 
1 *2 
2 *1 
2 *2 
3 *1 
3 *2 
4 *1 
4 *2 
5 *1 
5 *2 
6 *1 
6 *2 

Mean for entire sample:     T8.4019" 
Standard deviation:      3.7297 

N: 67 

11.6617 2.4079 6 
19.4450 2.7360 6 
16.9280 1.7501 5 
22.7100 1.6426 6 
17.0080 3.4973 5 
18.7700 3.2898 6 
19.2480 1.5460 5 
17.8250 1.8259 6 
18.7833 .5441 6 
24.6680 3.2044 5 
17.4740 1.2325 5 
16.8550 1.7180 6 
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SUMMARY OF DESIGN 

Dependent variable: linoleic 

Independent variable medium   - Codes: 12   3   4   5 
Independent variable temp    -- Codes: 1   2 

ANALYSIS OF VARIANCE 

EFFECT SS       df MS 

A (medium  ) 322.0938          4          80.5235   28.028    .0000 
B(temp     ) 21.1537          1          21.1537     7.363    .0088 
AxB 82.1724         4         20.5431     7.151    .0002 

Within 155.1383        54          2.8729 

Means and Standard Deviations for Dependent Variable linoleic: 

CODES 
medium   Memp MEAN         ST.DEV.      N 

1 •1 19.5400 1.6763 7 
1 *2 14.3829 2.7218 7 
2 •1 12.4150 .6976 6 
2 *2 12.7186 1.5303 7 
3 *1 11.6567 1.4187 6 
3 *2 11.8829 1.9853 7 
4 •1 11.2550 1.6597 6 
4 *2 11.9957 1.3640 7 
5 •1 11.6583 1.3064 6 
5 *2 9.7620 1.5940 5 

Mean for entire sample:      12.8806 
Standard deviation:      3.0283 

N: 64 
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SUMMARY OF DESIGN 

Dependent variable: arachidonic acid 

Independent variable medium   - Codes: 1   2   3   4   5   6 
Independent variable temp     -- Codes: 1   2 

ANALYSIS OF VARIANCE 

EFFECT SS       df MS 

A (medium  ) 62.9375         5 12.5875    11.973    .0000 
B (temp     ) 27.3334          1 27.3334   25.999    .0000 
A x B 13.4336         5 2.6867    2.556   .0360 

Within 64.1296       61 1.0513 

Means and Standard Deviations for Dependent Variable ara : 

CODES 
medium   Mernp MEAN ST.DEV '.      N 

1         *1 8.5743 1.3945 7 
1         *2 9.1000 1.3461 7 
2        *1 4.7783 .5339 6 
2         *2 7.5729 .7157 7 
3         *1 7.6067 .6006 6 
3         *2 8.1760 1.0967 5 
4         *1 6.5283 1.0612 6 
4         *2 7.1486 .9720 7 
5         *1 7.1800 1.2212 6 
5         *2 9.0840 .7758 5 
6         *1 7.7180 .8694 5 
6         *2 8.7067 1.1212 6 

Mean for entire sample 7.6775 i 
Standard deviation: 1.5061 

N: 73 
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SUMMARY OF DESIGN 

Dependent variable: EPA 

Independent variable medium   -- Codes: 1   2   3   4   5   6 
Independent variable temp    -- Codes: 1   2 

ANALYSIS OF VARIANCE 

EFFECT SS        df MS        F       p 

A (medium  ) 2218.2980          5         443.6596    67.421    .0000 
B (temp     ) 270.4683 1         270.4683    41.102    .0000 
AxB 88.8260         5         17.7652    2.700   .0282 

Within 407.9848        62          6.5804 

Means and Standard Deviations for Dependent Variable EPA 

CODES 
medium   Memp MEAN        ST.DEV.      N 

1 *1 
1 *2 
2 *l 
2 *2 
3 *1 
3 *2 
4 *1 
4 *2 
5 *1 
5 *2 
6 *1 
6 *2 

25.7171 3.5753 7 
17.8643 3.7727 7 
18.3283 2.6898 6 
16.9529 3.4040 7 
10.8500 2.9116 5 
7.2086 2.3984 7 
8.3833 .7744 6 
6.4600 .9932 7 
18.4200 1.1377 6 
14.0040 3.0019 5 
10.7080 .9581 5 
6.7700 1.8252 6 

Mean for entire sample:      13.6303 
Standard deviation:       6.4972 

N: 74 


