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3. Executive Summary 

The purpose of this project was the development of the microalgae as a 

souce of the polyunsaturated fatty acid (PUFA) eicosapentaenoic acid (EPA). The 

project aimed primarily at: 

1) Screening algal species containing high concentrations of EPA. 

2) Determining the optimal conditions foe EPA production. 

3) Optimizing cultivation methods for large-scale EPA production. 

4) Developing methods for purification of EPA. 

5) Operation of a mini pilot plant of EPA production. 

6) Expending the know-how for cultivation of microalgae for fine chemical 

production in LDC. 

Since the budget was cut by 20% after submission of the research proposal, we 

had to abandon the fifth target. We have succeeded in all other targets as detailed in 

the 13 scientific papers (enclosed) which were either published or submitted for 

publication. 

The selection method developed in this project and the application of 

optimal cultivation conditions resulted in an enhancement of the EPA content in P. 

cruentum from 1 to 2.2% (of dry weight). Very recently we have isolated several 

clones with an EPA content of higher than 3%. Furthermore, since the maximal 

EPA content in this alga coincided with the highest biomass production rate the 

EPA productivity was as high as 25 mg L- 1 d- 1 . In Monodus subterraneus the EPA 

content was even higher reaching 5% but the EPA productivity was similar to that 

of P. cruentuni. These figures are the highest EPA productivities reported for any 

micoralga. 

Methods for outdoor cultivation and down-stream processing were 

developed. As a result we were able to cultivate these algae outdoors, extract the 

lipid fraction and purify EPA up to 90%. 

The weaker side of the project was the collaboration with the co-investigator. 

In general, output as well as quality of work performed were not as high as could 
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have been expected. Their tardiness in reporting was a continuous subject of our 

correspondence. During the visit of the P.I. to the co-investigator's lab, only one 

techni.ijn was actually involved in the work. Furthermore, the co-investigator did 

not even bother to show up for the visit of one of the Israeli P.I.'s to his own lab. 

This attitude was discus.ed in several annual reports of this project. 

It is the feeling of the P.I. that in similar projects in the future, a significant 

portion of the funds should be allocated for training and conducting research with 

personnel from the co-investigator's group in the P.I.'s lab, ensuring the 

establishment and continuity of basic scientific methodologies. Such training 

should be continued for several months of each project year. 

4) Research Objectives 

The following aims and objectives were detailed in the research proposal: 

1) Screening of fast growing algal species which may be sustained in dense 

cultures throughout the year and which contain high concentraticns of 

EPA. 

2) Determining the optimal environmental and nutritional conditions for 

high net productivity and overall maximal EPA production by the selected 

species. 

3) Optimizing cultivation methods applicable for large-scale production of 

microalgae containing EPA. 

4) Developing simple, low-cost methods for the purification of EPA. 

5) Operation of a mini-pilot plant for EPA production in Thailand. 

6) Expending the know-how for cultivation of microalgae for fine chemnical 

production in LDC. 

Since the budget was cut by 20% after submission of the research propo,. l, we 

had to abandon the fifth target. 

Our main efforts were concentrated in developing methods for production of 

EPA from microalgae. Our basic hypothesis was that if we find an inhibitor to the 
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biosynthesis of EPA which will also inhibit growth, then perhaps by selecting 

mutants resistant to this inhibitor, we may find some which overcome the 

inhibition by overproducing EPA. This can be pro red by a consistent EPA 

overproduction by the mutant when cultivated in inhibitor-free menium. 

We have indeed isolated such mutants. Following the success of this 

approach we have managed to isolate similar mutants of the alga Spirulina which 

overproduces eicosapentaenoic acid (GLA). An independent follow-up research is 

currently conducted in China with local funding. 

5) Methods and Results 

The results obtained in this project are detailed in 13 papers which were 

published or submitted to various refereed scientific journals. The following is a 

synopsis of our main findings. Since there was a total lack of communication with 

the Thai co-inves .gator, the P.I. can not take any responsibility for the data 

produced in that lab and the final report of that group is thus presented separately. 

INTRODUCTION 

Some polyunsaturated fatty acids (PUFA) were recently shown to have 

therapeutic effects. Eicosapentaenoic acid (20:5w6, EPA) was claimed to be effective 

in preventing blood platelet aggregation (1)and to be useful for blood cholesterol 

reduction, thus reducing the risks of atherosclerosis (2). Arachidonic acid (20:4o06, 

AA), being a component of human mother milk, is of potential value as an 

ingredient in various formulations of artificial baby food. 

EPA is found in oils of many marine fish. However, the low EPA content, 

variability in quality, as well as the presence of other fatty acids of antagonistic 

properties have initiated several studies aimed at the production of EPA from other 

sources such as microalgae, marine bacteria (3), and fungi (4). 

Pharmaceutical applications will probably require preparations of 

considerably higher concentrations of the respective PUFA. There are several 
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physiological means for increasing oil content in algae, i.e., nitrogen or silicon 

starvation, and holding cells in the stationary phase of growth for extended periods 

of time. However, their effectiveness with regard to production rate is limited due 

to the decrease in growth rate and in many examples also in the PUFA proportion 

of fatty acids (5). 

We have concentrated our research on the marine microalga Porphyridium 

cruenturn as a source for both EPA and AA, taking advantage of the desert 

environment where solar irradiation is abundant throughout the year and brackish 

water are plentiful. Moreover, the cultivation on high salinity medium may 

provide an ecological niche, thus aiding the maintenance of a monoalgal culture. 

Harvest of the algae is less problematic as it has a tendency for autofloculation 

especially at low pH (6). In considering the large scale production of Porphyridium 

attention is pointed out to the possibility of obtaining other products from the 

biomass. The presence of sulated polysaccharides which can be used for enhanced 

oil recovery from oil wells and of phycoerythrine, a red proteinaceous pigment, 

should further encourage the outdoor cultivation of Porphyridium. 

In this report, we describe various strategies, for increasing the PUFA content 

in P. cruentum and Monodus subterraneus by physiological and genetic means as 

w,li as chemical methods for the separation and purification of the various 

valuable chemicals obtained from these organisms. For the first time, selection of 

EPA overproducing lines of P. cruentum is described. 

MATERIALS AND METHODS 

Organisms and culture conditions. P. cruentum was obtained from the 

Gottingen Culture Collection and was cultivated on Jones' medium at 25 OC as 

previously described (6). Stock cultures were maintained and inocula performed 

according to Vonshak (7). Monodus subterraneus UTEX 151 was obtained from the 

University of Texas Culture Collection and cultivated on BG-11 medium as 

described by Iwamoto (8). Cultures were grown in Erlenmeyer flasks, placed in a 
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New Brunswick incubator shaker (model G25) and illuminated from above at a 

light intensity of 115 mE. m"2 .s " , under air-C02 (99:1) atmosphere at 25 'C (unless 

otherwise stated). Cultures were grown exponentially (with proper dilution) under 

the appropriate conditions for at least four days prior to the onset of the experiment. 

The specific growth r.te was estimated by measurement of the chlorophyll 

concentration 

Outdoor Cultures. Cultures of P. cruentuin strain 113.80 were cultivated in a 

I m 2 pond containing 120 1of medium stirred by a paddle wheel. During the winter, 

the ponds were covered with polyethylene to increase the ambient temperature. 

Daily measurements of temperature, turbidity, oxygen, pH and chlorophyll were 

performed as previously described (6). The pH of the cultures was maintained at a 

range of 7.2-7.8 by a stream of CO2 gas. The nutrient concentration in the outdoor 

"culture was estimated biweekly by analysis of P0 4 
3 and N03-. Water loss by 

evaporation was replenished by daily addition of tap water. 

Selection of SAN 9785 resistant lines. Solutions of SAN 9785 in DMSO were added 

to exponentially growing cultures. P. cruentuin cultures were treated with an initial 

inhibitor concentration of 0.08 mM which was gradually increased over a 9 month 

period to 0.16 and 0.32 mM, respectively, finally reaching 0.4 mM. Cell lines of P. 

cruentuin resistant to 0.4 mM of the herbicide were obtained by screening of the 

resistant suspension on agar plates containing 0.4 mM of the inhibitor. 

Fatty Acid Analiysis. Freeze-dried cells or lipid extracts were trans-methvlated with 

methanol-acetyl chloride, as previously described (9). Heptadecanoic acid was added 

as an internal standard. Gas chromatographic analysis was performed on a 

Supelcowax 10 fused silica capillary column (30 m x 0.32 mm) at 195 'C (FID, injector 

and flame ionization detector temperatures 230 "C, split ratio 1:100). Fatty acid 

methyl esters were identified by co-chromatography with authentic standards 

(Sigma Co.) and by calculation of the equivalent chain length. Fatty acid contents 

were determined by comparing each peak areas with that of the internal standard. 

The data shown represent mean values with a range of less then 5% for major (over 
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10% of fatty acids) peaks and 10% for minor peaks, of at least two independent 

samples, each analyzed in duplicate. 

Lipid fractionation. Lipid fractionation and purificatio. were performed as 

previously reported (10). 

RESULTS AND DISCUSSION 

Porphyridium cruentum 

Under conditions, which provide the fastest exponential growth of P. 

cruentum, the dominant PUFA is EPA (6). In contrast, under growth-limiting 

conditions such as light limitation (high cell concentration or low light intensity), 

non-optimal temperature and pH, and increased salinity), AA and 18:2 become 

dominant, and the magnitude of the effect is maximal at the stationary phase. 

Thu-, under high light intensity, the EPA and AA proportions of an exponential 

culture reached 36 and 16%, respectively. At the stationary phase, EPA was 

reduced to 25 while AA increased to 27% (Table 1). The total fatty acid content (% 

of ash-free dry weight) also increased with decreasing EPA, reaching maximal 

values at the stationary phase (Table 1). This finding may explain some of the 

earlier studies reporting high levels of AA and littlc, if any, EPA in Porphyridiumn 

(11, 21 ) 

Lipid class fractionation showed that AA is concentrated in the NL and PC, 

while EPA is mainly found in the GL (Table 2). Under culture conditions 

conducive to fast growth rates, (25 oC, low cell concentration), the content of 

neutral lipids was minimal and the major lipids were MGDG and DGDG. Unlike 

most other EPA producing algae, the proportion of EPA in neutral lipids under 

optimal conditions was relatively high, reaching 22% (6). Under these conditions, 

EPA became the dominant PUFA in every lipid fraction analyzed, except for PC. It 

represented 49% of the fatty acids in MGDG. In suboptimal growth conditions of 

light and temperature, EPA content decreased sharply while the content of fatty 

acid of the (o6 family (18:2, 18:3, 20:3 and AA) increased. 
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The elevation of EPA in P. cruentum in response to increased light 

intensity is analogous to that previously mentioned for 18:3cw3 in plants and algae 

pointing to its possible similar role in cellular functions (15, 16). Indeed, Kates 

and Volcani (17) suggested that the EPA in diatoms fulfills a role similar to that of 

18:3co3 in other plants and algae. When growth is retarded, less EPA and GLs are 

produced. It appears however, that this effect relates to the growth rate in P. 

cruentum rather than directly to photosynthetic activity. That is, it occurs in 

response to any factor limiting growth such as light, non-optimal pH and salinity 

(Fig. 1). 

The temperatuie effect on the fatty acid composition of P. cruentum is 

similar to those of other factors affecting growth. The effect of cultivation at 30 OC 

on fatty acid composition and especially on the reduction of EPA percentage was, 

however, greater than expected on the basis of growth rate retardation alone. A 

shift from the optimum temperature of 25 OC to 20 OC or up to 30 OC, at low cell 

concentration, reduced the EPA proportion from 36 to 30 and 24%, respectively 

(Table 1) while the growth rate was reduced 46 and 20% respectively. The 

relatively greater decrease in EPA at 30 OC is apparently a combination of several 

factors: the reduction in growth rate; the increase in the saturation level at 

elevated temperatures; and the increase in the proportion of neutral lipids from 

17 to 34% at the expense of the EPA-rich GLs which were reduced from 65 to 43%. 

When exponentially growing cultures of P. cruentum (28 OC) were 

transferred to a nitrogen-free medium, they displayed a gradual increase in the 

total fatty acid content from 5.5% to 8.8% (% of ash-free dry weight) after four 

days, an increase of AA from 1.0% to 2.9% and a decrease in EPA from 1.9% to 

0.9% (Table 3). The major effect of nitrogen starvation on the lipids of P. 

cruenturn was manifested in the increase in neutral lipids from 21% (of total 

lipids) in the control culture to 61.0% in the N-starved culture, with a 

proportional decrease in the GL. Under nitrogen starvation, the content of AA 

increased in neutral lipids and in PLs, but not in the GL. This is contrary to the 
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increase of AA in all lipids when growth is retarded by other means such as light, 

temperature and pH limitations (6). Nitrogen starvation was reported to bring 

about an increased accumulation of neutral lipids and saturated fatty acids and 

generally a decrease in PUFAs in many algae (18, 19). Thus, the sharp increase of 

AA in the lipids of P. cruentun under these conditions, especially in the neutral 

lipids is notable. 

Outdoors, the fatty acid composition is primarily dependent on the cell 

concentration and only to a lesser extent on temperature. This finding is of 

practical value since the cell concentration is more easily controlled than 

temperature. Thus, it seems feasible that either AA or EPA-rich biomass can be 

obtained by a close control of the cell concentration. 

P. cruenturn cultures were grown outdoors in Israel for over a year and the 

fluctuation of fatty acid composition and content were assessed. While the 

dependence of the fatty acid composition on cell concentration was similar to the 

pattern found indoors (20), that of the temperature was different. At suboptimal 

temperatures, EPA constituted higher proportions than at the optimal growth 

temperature (25 3C). The temperature regime outdoors, however, differed greatly 

from the constant temperature maintained in the laboratorv. Also, the effects of 

other factors (e.g., day length and periodicity) are not clearly understood and some 

of these factors may create this seeming discrepancy by affecting the fatty acid 

composition. 

Maintaining Porphyridiurnat low cell concentrations results in an EPA 

rich fatty acid mixture which is relatively poor in AA. In contrast, a higher 

content of AA is obtained when cell concentrations are kept high in the summer. 

The EPA proportion reached a maximum value of 50% (of fatty acids), 

corresponding to a content of 2.5% (of AFDW) in December, while the 

concentration of AA peaked in September, reaching 30% of fatty acids and 1.4% of 

AFDW. However, the EPA output rate was primarily dependent on the biomass 
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- 2.d"1 inproduction rate and reached 0.28 g.m-2.d I in the summer and 0.12 g-m 

the winter (Table 4). 

If one is to rate the strains of P. cruentum in terms of their potential to 

produce EPA, three factors should be primarily considered: 1) the growth rate 

under optimal conditions; 2) the EPA content (% of AFDW); and 3) the respective 

ratios of AA to EPA (R value) at the exponential and the stationary phases. The 

growth rate and EPA content determine the EPA production rate. The R value in 

the exponential phase reflects the extent of AA "contamination" and the degree 

of difficulty in EPA purification. The lower the R value, the easier the separation 

from AA. The differences in the corresponding R values for the exponential and 

stationary phases in the various strains could be used as indicators of the expected 

variability in EPA contents under outdoor conditions, as a result of light and cell 

concentration changes. On this basis, strain 1380-1d was judged to be the most 

promising from the standpoint of EPA production and relative purity (9). It had 

the highest content of EPA (2.4% of AFDW) and a low R value (0.33) in the 

exponential phase, which increased to only 0.90 in the stationary phase (Table 5). 

AA Pwoduction. AA is produced in high quantities at 30 °C by light 

limitation (low light or high cell concentration) or nitrogen starvation. The 

intensities of these effects were found to be maximal in the stationary phase. At 

this temperature, strain 1380-1a had the highest AA content in the exponential 

phase (2.0%), yet strains le and 113.80 reached an AA content of 2.5% in the 

stationary phase (Table 6). 

Another approach for increasing the content of specific cell components is 

the use of inhibitors of specific steps in biosynthetic pathways. Generally, these 

compounds inhibit growth as well. It was shown in higher plants that among 

lines selected for resistance to the growth inhibition, some over producers of the 

metabolite in question could be found (21-23). Mutants of Spirulina showing 

elevated production of proline were obtained by selection in the presence of 
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proline analogs (24). Similar results were obtained in the cyanobacterium Nostoc 

(25) and the alga Nannochloris bacilaris (26). 

Several herbicides of the substituted pyridazinone family were shown to 

inhibit fatty acid desaturation. Of these, SAN 9785 is the most effective inhibitor 

of 03 desaturation (27) and its effect on reduction of 18:3co3 levels in the GLs of 

higher plants and algae has been extensively studied. Although SAN 9785 has a 

certain inhibitory effect on photosynthesis, it was shown that the effect on fatty 

acid desaturation is a direct inhibition of the 18:2 desaturase enzyme (28). 

Over 90% of the EPA in P. cruenturn (10) is located in chloroplast GLs, 

which are considered as structural components of the photosynthetic apparatus 

(29). Thus, it was reasonable to assume that inhibitors having an effect on 

desaturat'on reactions involved in PUFA biosynthesis would also affect growth 

(i.e. by impairment of photosynthetic efficiency). Thus, SAN 9785 was expected to 

inhibit the desaturation of 18:2co6 to 18:3co3 which is a very likely precursor of 

EPA in P. cruen tu (Fig. 2). 

Indeed, the herbicide inhibited the growth of this alga. Maximal growth 

inhibition was observed at 0.8mM. Yet even at 0.4mM, growth was arrested after a 

few days and the culture collapsed thereafter (Fig. 3). 

The inhibitory activity of SAN 9785 in P. cruentuti resulted in a reduction 

in the level of EPA (Table 7). An increase in the precursor 18:2 or any of its 

products in other pathways could be predicted. Yet, except for small increases in 

20:2 and 20:3 the only major increase was noted in 16:0. In the presence of 0.16 

mM SAN 9785, the proportion of EPA declined from 37% (of total fatty acids) to 

31% while that of AA was reduced only at higher inhibitor concentrations. The 

effect of SAN 9785 on the fatty acids increased with herbicide concentration and 

was maximal at the highest concentration studied, namely 0.4 mM. 

We suggest that the growth inhibition may stem from the effect on the 

chloroplast membrane fatty acid composition; although we can not rule out the 

possibility that growth may be adversely affected bv a reduction in carbon 
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assimilation resulting from the direct inhibition of photosynthesis by the 

herbicide. 

Selection of Resistant Clones 

We have further hypothesized that one means to achieve resistance to 

inhibitors of lipid biosynthesis would be to elicit fatty acid overproduction. Thus, 

obtaining resistance to the growth inhibition by such compounds could be the 

basis for selection of algal lines capable of EPA overproduction. The growth 

inhibition rendered by SAN 9785 and the specific inhibitory effects it exerted on 

the production of EPA, led us to utilize it for the selection of cell lines resistant to 

its growth inhibiting effect, ,ome of which could be EPA over-producers in 

Porphyridiu m. 

Resistance to SAN 9785 was built up by continuous cultivation in the 

presence of gradually increasing concentrations of the inhibitor. Sublines 

resistant to 0.4 mM SAN 9785 were obtained by stepwise increases in the herbicide 

concentration in the growth medium. Cultures resistant to 0.16 mM SAN had, at 

this concentration, a much higher growth rate than the wild type in the same 

conditions (Fig. 4) and one almost as fast as the wild type cultivated in inhibitor

free inedium. At concentration of 0.4 mM, the growth of the resistant culture 

resembled that of the wild type in 0.16 mM SAN 9785 (Fig. 4), while the wild type 

collapsed after a few days. When transferred back to inhibitor-free medium, the 

growth rates of the resistant lines returned to control levels. The resistance was 

maintained even after 50 generations in an inhibitor-free medium, indicating an 

apparently adaptive change of a genetic nature. 

In the resistant culture, the level of EPA in the presence of the inhibitor 

reached 30.7% (Table 8) while it was 24.8% in the wild type. Moreover, the level 

of 16:0 was even lower than that of the wild type under inhibitor-free conditions. 

A more focused view on the effect of SAN 9785 was obtained by comparing the 

fatty acid composition in the GL fraction: the inhibitor reduced the proportion of 

13
 



EPA in the wild type from 50.0 to 29.1% (Table 9), but only to 45.4% in the 

resistant culture. 

Resistance obtained could be the result of decreased uptake, reduced 

affinity or enhanced turnover of the inhibitor, but could also emerge as a result of 

genetic changes leading to an overproduction of the inhibited fatty acid. It appears 

that the latter was at least a contributing factor to the resistance since elevated 

EPA levels were also sustained for at least two weeks after resistant cultures were 

shifted to herbicide-free medium (40.4% compared to 36.8% in the wild type) (Fig. 

5) and the increase in EPA was correlated with a decrease in 16:0. Following agar 

plating, six colonies were selected, three of which displaycd even higher 

proportions of EPA and higher fatty acid contents, resulting in an overall 29% 

enhancement of the EPA content (Table 10). Those data support the proposed 

employment of inhibitors of fatty acid desaturation as means for obtaining fatty 

acid overproduction. To the best of our knowledge, this is the only report of a 

fatty acid over-production in either higher or lower plants induced by 

perturbation of fatty acid metabolism. 

It is difficult at present to identify the mechanism(s) of resistance to the 

herbicide. Murphy et at. (27) have shown that the uptake of SAN 9785 varies in 

different plants. They have further shown that the herbicide was rapidly 

metabolized in pea but only gradually in cucumber and ryegrass (27). Other 

possibilities :.uuld bc a modification of the target enzyme to reduce its affinity to 

the inhibitor or the increase in the level of the relevant metabolizing enzyme 

(30). The increase of EPA in P. cruentum may be attributed to one of the last two 

mechanisms. 

Further exploitation of this approach may be hampered by the low 

specificity of the herbicide. Thus, more specific inhibitors such as transition stage 

analogs are being sought. We anticipate that further selection of EPA 

overproducing strains in conjunction with molecular biology techniques will 
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allow manipulation of the regulation of relevant genes, thus, making algal mass 

production of these fatty acids feasible. 

The establishment of herbicide resistance would also be advantageous for 

iarge scale cultivation of Porphyridium. The herbicide may be utilized for the 

maintenance of monoalgal cultures - a major problem in continuous outdoor 

cultivation. 

Our data indicate that the hypothesis suggesting the use of inhibitors of fatty 

acid desaturation as means for obtaining fatty acid over-production was apparently 

correct. Further exp..oitation of this approach could be hampered by the reduced 

specificity of the herbicide. Thus, more specific inhibitors such as transition stage 

analogs are being sought. We anticipate that further selection of GLA over

producing strains in conjunction with molecular biology methodology will allow 

manipulation of the regulation of relevant genes, thus, making algal mass 

production of these fatty acids feasible. 

Moiodus subterraneus 

The microalga Monodus subterrae'us produces EPA as its major fatty, 

which is concentrated mainly in the galactolipid fraction. Nitrogen starvation 

increased the fatty acid content but reduced the proportion and content of EPA to 

19.5 (of fatty aciLd) and 1.8% (of dry weight), respectively. Cultivation under low 

light intensity or high biomass concentration enhanced the proportion of EPA up 

to 36.7% of fatty acids and ti,, content to 4.4% of dry weight. Maximal EPA 

"1productivity of 25.7 mg.L-ld was obtained at the biomass concentration 

resulting in the highest biomass productivity. M. subterraneus is thus one of the 

most promising candidates for phototrophic production of EPA. 

Iwamoto and Sato (8) have studied the effect of environmental and 

nutritional conditions on EPA production in the alga M. subterraneus 

(Eustigmatophyceae), which belongs to an apparently very small group of 

freshwater species capable of EPA production. EPA is the only major PUFA in this 
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organism, other predominant fatty acids being 16:0 and 16:1 (Table 11) The 

highest growth rate (0.77 d- 1) in this alga was obtained at 25 OC. Thus, by 

computing the EPA levels, the total lipid content and the growth rate, it emerges 

that the highest EPA production rate would be obtained at 25 OC under relatively 

high light intensity. 

EPA purification 

At present, algal-derived EPA can not compete economically with fish oil as 

dietary supplement. Hov, ever, once EPA can be introduced as a pharmaceutical 

commodity, the requirements for high content and lack of contaminants will result 

in pr,.erence of sources from which purification would be the least costly. 

Generally, algae contain EPA mainly in polar lipids and primarily in their GL 

fraction. Separation of this fraction frnm the lipid mixture is much easier than 

separation of EPA from other similar fatty acids. This concept was tested on a P. 

cruentum biomass (9), which was grown under conditions conducive to high EPA 

content i.e. a temperature of 25 °C, high light intensity and low cell concentration. 

Under these conditions EPA constituted 40% of total fatty acids and AA 15%. 

Moreover, ca. 90% cf the EPA was restricted to the GL while the AA was primarily 

contained in the NL and PL fractions Therefore, in order to purify EPA from other 

fatty acids and especially from AA, a preliminary separation of the GL fraction from 

the oil was undertaken (10) by elution on silica gel. In the acetone eluted fraction 

which included the GL, the proportion of EPA increased to 47.5% while that of AA 

decreased from 14.6% to 5.4% (Table 12). The GL fraction was transmethylated and 

treated with urea. By formp.aion of the urea inclusion complexes, almost all of the 

saturated and monounsaturated fatty acids were effectively removed (10). The EPA 

and AA contents increased to 81.9% and 6.6%, respectively (Table 12). The same 

procedure was utilized for the preparation of an A.A concentrate. By growing a 

culture of P. cruentum strain 1380-1b to the stationary phase, the AA content 

increased to 41.7% of fatty acids. After extraction, the resulting oil was 
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transmethylated and treated with urea as above, resulting in an increase in the AA 

content to 80.0%. 

Reverse phase chromatography is known to separate fatty acids according to 

chain length and the degree of unsaturation (31). Yet this technique could be 

prohibitively costly on a large scale. However, preliminary separation of the GL 

fraction followed by urea treatment will provide an outstanding starting material 

for chromatography, increasing the output and thus reducing the cost per run. 

Cohen et al. (10) have demonstrated the potential of this method for purification of 

EPA from Porplhyridium oil by successive elution with acetonitrile-water mixtures 

on C18 Sep-pak filters. More then 80% of the EPA was eluted in 3 fractions whose 

EPA content ranged from 85.4% to 93.2% (Table 13). Moreover, when reverse phase 

chromatography was preceded by the urea treatment, 85% of the EPA was recovered 

at a 97.3% purity. 

6) Impact, Relevance and Technology Transfer 

We believe that should more work be invested towards the isolation of EPA

overproducing strains, mutants with much higher EPA contents will be obtained. 

Indeed, research along that line is currently continued in China under the guidance 

of the P.I. Similar cooperation agreements are currently discussed with a few 

laboratories from several LDC. 

The Thai lab has gathered a lot of know-how in various areas which 

previously did not exist there, such as fatty acid analysis, Selection of mutants and 

basic biochemical and physiological methodology. 

7) Project Activities / Outputs 

Meetings 

1988 Z. Cohen. Effect of environmental conditions on fatty acid composition of 

the red alga Porphyridiuni cruentuni: correlation to growth rate. 8 th 

International Symposium on Plant Lipids, Budapest Hungary. 
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1990 Z. Cohen & Y. M. Heimer. Linoleic acid desaturase inhibitors as tools for 

selection of GLA over-producing lines in Spirulina.9 th International 

Symposium on Plant Lipids, Wye England. 

1990 Z. Cohen, Production of polyunsaturated fatty acids by microalgae, 

Workshop on AID/SCI Funded Research in Agricultural Biotechnology, 

Kasetsart University, Bangkok Thailand. 

1990 Z. Cohen. Porphiyridium cruentum - an alternative EPA producer. 81st 

Meeting of the American Oil Chemists' Society, Baltimore MD. 

1990 Z. Cohen. Production of EPA by Porphiridium cruentut,'. Annual 

Meeting of the Phycological Society of America., College Park MD. 

1991 Z. Cohen & Y. M. Heimer. Production of polyunsaturated fatty acids (EPA, 

AA and GLA) by the microalgae Porphyridium and Spirilina.8 3rd 

Meeting of the American Oil Chemists' Society, Chicago IL. 

1993 Z. Cohen & D. Shiran. Biosynthesis and overproduction of EPA in 

microalgae. 6th International Conference on Applied Algology, Ceske 

Budjeovice Czech Republic. 

1993 W. Siangdung, M. Tanticharoen, B. Bunnag and Z. Cohen. Effect of SAN 

9785 on growth, photosynthesis and fatty acid composition in Spirulina 

platensis. 6 th International Conference on Applied Algology, Ceske 

Budjeovice, Czech Republic. 

1994 I. Khozina, H. A. Norman, D. Shiran and Z. Cohen. The inhibitory effect 

of cerulenin on linoleic acid desaturation. 11th International Symposium 

on Plant Lipids, Paris France. 

Training 

Mr. Sayamrat Panpoom attended the algal biotechnology course held in our lab on 

6/91 and stayed there for another 2 months for training in algal cultivation and 

fatty acid analysis. 

Zvi Cohen (P.I.) visited the co-P.I.'s lab in Thailand on 3-4/88 and on 7-8/90. 
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Publications 

1988 Z. Cohen. Production of eicosapentaenoic and arachidonic acid by the 

red alga Porphyridiunm cruentunm. In Proceedings of the World 

Conference on Biotechnology for the Fats and Oils hIutstry, T. H. 

Appelwhite ed, American Oil Chemists' Society, Champaign IL, pp. 

285-287. 

1988 Z. Cohen, A. Vonshak , S. Boussiba & A. Richmond. The effect of 

temperature and cell concentration on fatty acid composition of outdoor 

cultures of Porphyridium cruentum. in Algal biotechnology. T. Stadler, J. 

Mollion, M.-C. Verdus, Y. Karamanos, H. Morvan & D. Christiaen, Eds. 

Elsevier Applied Science, London, p. 421. 

1988 Z. Cohen, A. Vonshak & A. Richmond. Effect of environmental 

conditions on fatty acid composition of the red alga Porphiyridium 

cruenturn: correlation to growth rate. 1. Phyc., 24, 328. 

1990 Z. Cohen & Y. NI. Heimer. Linolenic acid desaturase inhibitors as tools 

for selection of GLA over-producing cell lines. In Plant Lipid 

Biochemistriy, Structure and Utilization. P. J. Quinn & J. L. Harwood 

Eds, Portland Press Limited London, pp 414-417. 

1990 Z. Cohen & Y. M. Heimer. A,6 desaturase inhibition: A novel mode of 

action of Norflurazon. Plant Phys., 93, 347. 

1990 Z. Cohen. The production potential of eicosapentaenoic acid and 

arachidonic acid of the red alga Porphyridium cruentum. ]. Am. Oil 

Chem. Soc., 67, 916. 

1991 Z. Cohen & S. Cohen. Preparation of eicosapentaenoic acid concentrate 

from Porphiyridiutn cruentuin. ]. Am. Oil Chem. Soc., 68, 16. 

1992 Z. Cohen & Y. M. Heimer. Production of polyunsaturated fatty acids 

(EPA, AA and GLA) by the microalgae Porphyridium and Spirulina. In 

Industrialapplication of single cell oil. D. J. Kyle & C. Ratledge Eds, 

American Oil Chemists' Society, Champaign IL, pp 243-273. 
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1992 Z. Cohen, S. Didi & Y. M. Heimer. Over-production of y-linolenic and 

eicosapentaenoic Acids by algae. Plant Phys., 98, 569. 

1993 Z. Cohen, H. A. Norman & Y. M. Heimer. Potential use of substituted 

pyridazinones for seiecting polyunsaturated fatty acid overproducing 

lines of algae. Phytochem., 32, 259. 

1993 Z. Cohen, M. Reungjitchachawali, W. Siangdung, M. Tanticharoen & Y. 

M. Heimer. Herbicide resistant lines of microalgae: Growth and fatty acid 

composition. Phytochei., 34, 973. 

1994 Z. Cohen H. A. Norman & Y. M. Heimer. Microalgae as a source of 

omega-3 fatty acids. World Reviezo of Nutrition and Dietetics, 76 (in 

press) 

1994 Z. Cohen. Production of eicosapentaenoic acid by the alga Monodus 

subterraneus.J. Am. Oil Che/i. Soc. 71, 941. 

8) Project Productivity 

The project advanced our know-how in each of the designated areas. We 

hav developed a unique method for selection of EPA overproducing algal 

mutants. The conditions for maximizing EPA productivities under indoor and 

outdoor conditions in both P. cruentun and M. snbterraneus were delineated. 

Down stream processing methodology was developed including extraction, 

concentration and purification methods as well as analytical methods for quality 

control. We have made a significant progress towards the elucidation of EPA 

biosynthesis in microalgae. 

While the gain in our knowledge concerning EPA production was 

enormous, economical feasibility is still not within reach. 

A windfall profit of this project is the development of conditions leading to 

enhanced production of arachidonic acid (AA) in P. cruentunil. The AA content is 

the highest reported for any microalga. According to a recent market analysis it the 

figures we have reached are high enough to allow commercial production. 

20
 



9) Future Work 

This project launched a long range study aimed at gaining the know-how 

that 	will allow the manipulation of polyunsaturated fatty acid production in algae 

and eventually in plants. Future direction will concentrate on the use of the 

recently developed molecular biology tools that will enable overexpression of the 

genes in question. 
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TABLE 4 
Effect of llgh1 1ntenqyIt, Cell Coneentrnflon nod Temperature on the Faty Acid Composifion fitP. cruentum. 

.I 	 IhTellip lghl.,11 (G II 	 Foty .qd 'olmpoition (%,.)(0 C) 	 log." con .p, ite' I6:2I - :I 8:22 18:! 1R:2 IR:3 20:2 20:3 20:4 20:5 Rd 

20 	 170 2 0.65 :15.0 3.7 0.2 3.1 8H 0.2 0.1 0.2 19.3 30.0 0.6 
170 2 	 H slaiio ry 32.7 1.8 0.5 1.j 8.3 0.3 1.2 1.2 28.8 24 1 1.2 

25 	 170 1.5 1.2 35.0 2.8 0.6 2.0 6. 1 0.5 0.3 0.9 15.9 35.8 o.4 
17!, 12 0.77 36.8 2.3 0.5 0.7 5.8 0.1 0.6 0.6 18.1 34.1 0.5 
170 10 Stationary 1:.3 	 1., 0.3 1.M 9.0 0.2 0.7 1.7 27.3 25.1 1.1 

30 	 170 1.5 0.18 38.9 2.9 1.1 1.5 11.0 0.5 0.8 18.61.0 23.7 0.8 
170 R 0.73 36.1 1.2 1.2 2.7 17.2 1.0 0.6 2.3 28.1 9.4 3.0 
30 3 0.3 0 :13.0 (). 1 0.1 2.3 12.0 0.1 0.2 1.5 42. 1 7.8 5.4 
170 17 stlai nry 31. 0 0.5 1.5 7.7 18.5 0.3 1.6 3.3 32.7 	 2.9 11 

I'mg c!hlolrophylli], 
"rIoulbling-'d.
 

"AIZA/Ell,%. 

S-. -...... . ...-

BEST AVAILABLE COPY 

TABLE 	 2 

Effect of Temperature and Cell Concentration on fhe Fatty Acd Composition or the Various Lipids In P. cruentum 
(weight percent)." 

Temp. C(ell Fatty acid composition (%) % or total 
Lipid ( 0 C) coi." 16:0 16:1 18:12 18:1 18:2 18:3 20:2 2(2:3 20:4 20:5 R fatty acids 

Total 	 25 1.5 35.1 2.8 0.6 2.0 6.1 0.5 0.3 (2,0 15.0 35.8 0.4 
30 1.5 38.9 2.9 1.1 2.5 11.0 1) (2.5 0.8 18.6 23.7 0.8 
30 8 36.3 1.2 1.2 2.7 17.2 1.j) 0.6 2.3 28.1 9.4 3.0 

Neitnal 	 25 1.5 21.8 5.3 0.2 7.6 15.5 0.6 OIt 0.8 16.9 21.9 0.8 17 
30 1.5 20.8 1.5 8.3 4.8 20.6 1.7 3.6 31.3 7.4 4.2 34 
Mto 8 25.7 1.2 6.0 1.5 22.0 2.2 0.6 3.2 29.8 4.2 7.2 58 

M(;I8" 	 25 1.5 :1.5 3.6 1.0 3.2 8.3 0.2 D. 1 . 1 2.0 49.2 0.025 26 
302 1.5 ,17.3 2.2 2.8 2.1 0.8 1 0.9 6.5 28.4 0.2 18 
30 8 51,0 2.0 '1.2 4.) 10.2 I.R 2.4 0.4 1:2.8 8.4 1.6 14 

D(;I)( 	 25 1.5 .16.2 8.6 1) .8 2.2 4.2 0.4 0.2 (.1 1.4 35.2 0.04 26 
30 12.5 611,0 2.6 0 (.22 1.4 4.0 1 0.2 0.3 2.7 22.9 0.1 15 
:10 8 W)0.5 2.6 1.22 2.6 5.2 1.3 0.1 2).I 8.5 8.3 1.0 9 

SQ 	 25 1.5 55.7 3.0 2.9 8.8 4.7 1 1.2 4 2.5 21.2 ().1 13 
3 I22.5 65.) 02.6 2.0 2.6 3.7 22.8 2.7 1.2 82 I 1.5 0.7 10 
30) 8 68.8 0.8 5.8 5.2 0, 0.7 2.7 1.0 3.1 2.6 1.3 8 

25 1.5 .210.9 6.0 2.6 3.6 f6.7 2.2 2.3 3.0 38.9 3.9 10 9 
30 1.5 :12.7 2.0 2.1 3.1 11.5 0.09 2. 42.3 6.4 6.6 8 
M2 8 26.0 + 4.4 5.2 9.2 1.5 0.6 3.5 45.6 2.0 16 6 

2"Cidlures were grovn at a light Intelsity of 170 11E/m .s. h'mg ch (orol"yIG. "ARA/EPA. dMi)G, monogalactosyldlacyl
glycerol. 'I)02I20, digalatr 3( lcylgyceroI. .fSQ,silfoqulnovosylllncylglycerrci., ql(C, pl Ilail dylcholine.. 



TABLE 3 

Effect of Nitrogen Starvation on the Fatty Acid Composition In 
P. cruenturna.a 

Lipid fractionTotal 
Nib DG D G '
 ,Fatty lipids MGDGC 1 SQr PC/ 

-N 4N -Nacld +NY -Nh +N -N +N -N +N -N +N 

16:0 34.8( 28.4 25.7 2:3 33.5 37.4 40.1 46.1 55.2 66.6 28.7 15.4 

16:1 2.9 1.6 1.1 I.. - 1.3 7.1 6.9 0.7 - - 

18:0 1.2 2.1 11.1 5.1 0.5 5.6 0.6 5.3 1.9 5.9 3.0 1.7 

2.2 5.2 1.0 2.018:1 0.8 2.6 3.5 5.2 1.0 7.4 1.2 4.0 

18:2 10.6 21.3 16.5 27.4 i1.1 20.8 4.3 7.1 2.9 7.0 3.0 0.3 

21:3 1.7 3.2 2.4 2.9 0.7 1.2 - -- - - 6.9 

20:4 20.7 30.1 10.9 30.7 4.5 3.3 5.6 4.2 3.4 1.6 46.3 61.2 

20:5 	28.7 10.2 8.3 4.1 43.2 16.0 35.0 211.420.4 8.6 17.4 2.01 

W/ 0.7 3.0 2.4 7.6 0.1 0.2 0.2 0.2 0.1 0.2 2.7 21.4 

% of totalk 20.0 61.0 36.5 8.5 17.7 8.6 12.4 4.7 7.7 8.7 

OStrain 113.8G, cultivated at 281C, 170 pE/m 
2
.s. 

bNL, Neutral lipids. 
cMG)G, Mo:iogalactosyhdiacylglycerol. 

I)GI)G, I)igail ttsyl(iancylglycerol. 
ISQ, Suilfoquinlovosyhlincylglycerol. 
IpC, IPhosphatldylcholine. 

+ N, Nitrogen sufficient. 
h-N, three days nitrogen starvation. 
ilercentage of total fatty acids. 

J1 - AA/EPA. 
4Fraction percentage of total fatty acids. 

REST AVAILABLE COPY 

TABLE 4 

Effects of Cell Concentration in Winter and Summer on EPA and ARA 

yields in P. Cruentua Cultured in Open Ponds. 

Fatty acid 
content Output rate 

CellP (%of AFDWb) (AFDW g/m2 .d) 
RARA 1inimass EI'A ARA 

cone. EPA 

Winletl 

2.5 2.21 ().76 3.6 0.08 0.03 0.34 

2.30 0.75 5.0 0.12 0.01 0.333.5 
4.6 2.18 0.73 2.1 0.05 0.02 0.33 

0.71 19.7 0.25 0.14 0.463.0 1.28 
4.5 1.1 1.18 24.0 0.28 0.28 0.69 

1.00 1.31 13.0 0.13 0.17 0.886.( 


"nmg (:hhorol)hyll/l.
bAshi-free dry weight (AFt)W). 
R - ARA/EPA. 

'Max. tally temp. 16-18C (Nov.-Jan.). 
'Max. daily temp. 28-31 OC (,ul.-Aug.). 



TABLE rp
 
Fnly Arld (O mil JI I or i'. crti, it,, S(rnlng Grown at 25 C.
 

Fatty acid crmlpsitJim 	 Fntty acid content 
(" (ifIotal fally acids) (% of AFI)W) 

(h,1t8l p 111:11 I [8:11 18:2 h:I:I 18:1 18:1 21:2 21:3 21:4 2(1:5 'FA ARA EPA R
Strain phase (d ) t, 

9 
w (i 	 cl c.5 w) 

1.380-1n 1. I.lI0 :10.8 :1.4 0.2 11.5 5.9 Il. 0 22.2 35.111. .1 5.3 0.8 1) 0.63
3:0.8 2 .1 . 6 1.1 	 0.11 - . A 1.5 3:.5 10.:1 . 5 .,8 1.9 1: .1 1.7 

I O.II E 1.13: :1(.:l :1.0 0.1 0.,I 5.2 0.7 0.8 0.5 15.2 13. 5 5.6 0.9 2.1 0.43 
S :12.4 2.3 1,5 1.2 7.; 0.3 0.8 2.0 20.. 2:1.2 5.4 1.6 1.2 1.3 

1381-.h . E 1.13 32. 0 :1.2 1. (.,1 5.7 0.7 1)5 0.5 16.91 39.5 5.4 0.9 2.1 0.43 
S :1,4 2.1 1.8 1.2 7.6 0.2 1.7 2.2 2:1.8 27.8 5.4 1.3 1.5 0.86 

1:18 0- d ., I. I 5 	 :l1 .1; 1.5 II. 1 0 . 4.11 j.;1 11. I I 14.7 4 .1 5.5 0.8 2.4 0 .33 
, :12.1 2.1 11.5 I.6 7.0 11.2 I.I 2.5 24.7 27.4 5.1 1.2 1.4 0.90 

l:80 - 1 . : 	 2 .:1 (.I 0 1.2 .7 (.7 18.,1 3.:1 .: 1. 0 2.1 0 .472,0 11:1 .11 
s 2 .7 1.8 0.7 2.:1 11.4 0.9 11.7 2.0 3:1.5 I(;.:1 5.7 1.9 0.9 2.i 

1:18 0- 1f E 1.111 	 2 .7 2. 9 11.1 11.7 	 6.2 1. 01 11.7 01. .446; 17.8 ,4.1 5.2 0.0 2.1 
S :11.1; 2.11 0.5 I I .2 .,I 11.7 2.3 *1.,I A.4 5.1 1.7 0.9 1.8 

11:1.8 0 	 1; 01.118 28.1; 2.0 .2 0.2 .I (1.1 11.5 01.6 17 i 41.; 4.4 0.8 1.9 0.43 
,8 TI:A. I A, UA1 .0I I 9 . 01 .3 . 701 1 .7 27.3 2 ).1 ,5.1 1.4 i3 1 . 1 

weighl Ivmr(e i 
"I? = ARA/EI'A. 

*"A, o f AI:i'W, 

fihac,'I, eXlnewiInl .1--5Ing rhlorIulwIII,1,. 
"S,stationary phas, 27-:10 Ing clcrophylH/, 

BEST AVAILABLE cOPY 

TABLE 6
 

Fatty Acid Comllosill of i'. crritef'um Strains Grown at 30'('."
 

Fa I y acid c'ompus1lim Fatly acid content 
('yof total falty acids) (% of AFDW) 

(oro lh I, :l I1A:I 18:0 18:1 18:2 18:1 211:2 211:3 20:4 20:5 TFA ARA EPA Rh 

Strain phase (d 1) 6.,., ,ii wl * ,I w:I 

1380--la I. (1.117 	 :1,1.1 1.1 ( 1. ; 1. .5 1.5 1.8 2.,4 411.3 6.9r 4.8 2.1 0.3 6.1 
:32.91 1.11 1.5 2.7 15.1 1).4 1.1 1.4 35.0 0.5 6.2 2.2 0.6 3.7 

13811) 1E (0.7! 	 36. 1 1.5 11.6 .7 5.1 - 1.8 1.9 319.311.2 3.8 1.5 0.5 2.8 

S:11.8 1.j 1.6 0.5 1.01 0(.2 1.0 1.5 41.7 1.5 4.7 2.0 0.3 6.4 

13811, 1.- 11.8(0 :15.2 I. 0.7 11.9 7.1 0.1 1.1 0.9 4(0.5 1I1.9 4.4 1.8 0.5 3.4 
S 31. .0 0.5 1.0 6.9 11. 1 1.1 1.2 37.1 15.. 5.4 2.0 0.8 2.3 

138011-l E 1.71 33.0 1.8 0.6 ((.8 8.8 (.3 1.1 1.2 32.8 19.11 6.4 1.8 1.0 1.7 
S 31.5 11.5 (1(. 3.3 13.2 11.4 1.4 2.0 :18.4 8.6 4.7 1.8 0.4 4.5 

13801Ie 	 1', 0.761 :11.2 1.5 0.16 1.2 5.9 - . 1.1 1.0 41.4 12.9 4.3 1.8 0.6 3.2 
S :13.,1 0 1.50.6 .3.11 15.3 ().8 0.96 3.1 37.7 4.0 6.5 2.5 0.3 9.4 

1:181.1 1, 0.119 	 :3r,.1 I.,I 11.5 5.7 1 i.9 12.4 4.5 1.9 0.6 3.3(1.8 01. (.8 41.4 
:12.1 0.0 (D.6 2.8 13.1 1.7 1.2 :1. 11.11 5. I .5r, 2.2 0.3 7.8 

113.811 0 .1162 	 :12..5 0.7 1.7 2.7 11.1 0..1 0.9 1.6 :18.7 7.1 4.2 1.6 0.3 5.2 
:10,!1 11.5 1.5 7.7 	 1R. 11.3 111 3,3 3:12.3 2.8 7.7 2.5 0.2 11.5 



TABLE 4
 
Effect of SAN 9785 on the Fatty Acid Composition Iii P. crentuu.
 

Fatty acid composition (% of total fatty acids) 
inhibiltr 21:11 ifi:1 !16:3 18:0 18:1 18:2 18:3 20:2 20:3 2(0:4 20:5 

ltol'.(1M) Wil wli W l W(; Wti W:. 

() :1i.8 5.0 0.5 (.9 1.0 5.3 1.4 0.1 0.5 I1(. Mo.8 
0.08 ,i.i 5.0 (.8 110.0 1.2 5.0 0.8 0.4 03.7 iMA3 35.4 
I). I; :17.8 1).1 0.8 0.7 1.3 5.0 (.7 0. ().) 15.4 3 1.2 
0.40 43.0 5.D (.8 0.0 1.9 5.6 1.5 0.8 1.3 I .6 25.4 

Table ?. Effectof SAN 9785 on the fatty acid composition of wild-type (WT) and SAN 9785-resistan (SRIP) cultures of P.cruenun 

Fatly acid composition
 
(% total rally acids)
 

SAN 9785
 
conc 18:2 18:3 20:2 20:3 20:4 20:5


Culture (MM) 16:0 16:1 16:3 18:0 18:1 6 w6 6 6 w6 e3 

WT* 0 32.9' 4.2 0.6 0.5 0.4 0.7 0.6 0.6 36.1'5.7' 17.3 
SRP 0 2 8.5b 3.4 0.4 0.5 1.0 5.7' 0.9 0.5 0.7 15.8 40 .4 b 
SRP-6t 0 4.7 0.6 0.5 0.5 5.3' 0.9 0.6 0.4 15.4 4I.Ib 
WT 0.4 37.5' 3.7 0.7 1.3 2.1 7.9 b 1.5 

2 9.2b 

0.6 2.0 17.4 24.8' 
SRP 0.4 29.01 3.1 0.6 1.8 2.8 12.2' 1.3 1.0 2.7 14.3 30.' 

OWild-type.
 
tResistant line selected by agar plating or resisiant culture.
 

SAN 9795-resislant culture.
 
Data shown represent mean values of four Independent samples, each analysed in duplicate.
 

BEST AVAILABLE COPY 

Table _1 Fatly acid composition or the galactolipid fraction of wild-type (1380-1d) and SAN 9785-res'lant (SRI) cultures of 
P. cruentum 

Fatty acid composition 
(% total fatty acidq) 

18:2 18:3 20:2 20:3 20:4 20:3
Culture Medium 16:0 16:1 16:3 18:0 18:1 a6 n6 ,6 w6 336 


WT - * 36.4 1.2' ndt 0.5 1.0' 4.3' nd - 0.6' nd 3.9 30.0'WT *. 36.4 8.2" 0.5 3.3 5.7 4.1' 0.4 1.3h 0.2 9 .2b 29.11,
SRP 4- 36.0 2.0V 0.2 1.2 2.0' 7.4 b 0.3 1.2 0.2 3.8' 45.4' 

"(-)Inhibitor.free medium. (+)Medium containing 0.4 mM SAN 9785. 
?Nol determined.
 
1A culture of P. cruetm 1380-Id resistant to 0.4 mM SAN 9785.

Data shown represent mean values of rour independent samples. each analysed In duplicate.
 



Table to. Fatly Acid Composition of P. cruentum Call Lines Resistant to SAN 9785 
The values presented are means + so (n - 3). A I test was used to determine slgniicantly different values ot EPA and TFA at P < 0,05. 

Fatty Acid Comrpostlon Fatly Acid ContentCulture 18:0 16:1 16:3 18.0 16:1 18:2 18:3 202 20:3 204 EPA TFA EPA 
.9 .6 .6 .6 .6 .6 

% of total fattyacids % of dry wWTI 303 5.20 062 0.44 052 5.44 0.89 054 068 16.1 382 4.78 1.83±0.62 ±034 ±0.06 ±0.02 ±004 ±0.11 ±0.13 ±0.15 ±007 ±0.40 ±075 ±0.17 ±0.04SRP-6' 292 4.70 0.62 0.47 0.53 5.31 0.92 063 0.37 154 41.1 5.64 2.32±1.5 ±0.07 ±008 ±0.07 ±0.04 ±0,24 ±0.15 ±0.14 ±0.01 ±0.10 ±0391 ±0 67d ±0.39dSAP-7c 
29.5 4.54 0.60 0.46 0.47 5.34 0.90 0.47 059 155 409 5.62 2.31±1.2 ±0.30 ±006 ±0.10 ±0,06 ±0.23 ±0.04 ±002 ±0.16 ±0.45 ±1.1 ±0.67d ±0.36d 

I Total ftly acids. 'Wild type. Resistant cell lines selected by agar plating of the resistant culture. Significantly dillerent from wild 
type. 

Table 11. Fatty acid composition of the lipid fractions otM. subterrarnets. 

Fatty acid composition 

(% or total fatty acids) 

Fraction 14:0 16:0 16:1 16:1 16:1 18:0 18:1 18:1 18:2 18:3 18:3 20:3 20:4 EPA 

wIlt Oj7t wo5t (9 ot7 fo6 6 o3 (16 M 6 

Neutral lipids 4.4 27.2 0.9 32.6 0.4 1.3 15.9 1.1 0.9 0.8 0.4 1.2 2.0 8.8 

Galactolipids* 0.7 19.0 - 23.9 0.2 0.5 2.3 0.5 0.4 0.3 0.3 0.2 1.5 49.3 

Phospholipids' 0.4 24.3 - 17.3 1.7 1.2 4.4 1.4 2.6 3.2 0.3 0.6 8.5 31.9 

t Tentative assignment; * Fraction eluted with chlorororm; * Fraction eluted with acetone; ' Fraction eluted 

with methanol. 
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TABLE 12
 
Purification or EPA ,lethyl Ester fromo 1. crue'oU .
 

I lty acidc'o,(ipo l(lln ('% of Ic itlfally 11i0ll) 

16:0 1 flI 18:0 IH:1 18:2 18::3 2t1:: 20hA 20}:6 It 

Tola li li)114 :10.6 0.3 1 H 2.0 I.6 10.7 0.365A1 0t. .2.8 (.8 

FAME" 311.8 02 0.8 1':) 9.6 0.1 0.2 5.I 47.5 0.11 

FAME nfler urea uductloo :3.1 D.A -- 0.6 7.3 0. (0.2 6.6 8I.M) 0.08 

FAME after tritonft<2grapihy 0.3 .. . . (.9 - 2.2 I.4 U7.;3 0.01 

"FAME of glyctilipid fra'Iimi. 

TAIILE 123 

EPA PorlFlnfho by Iteverse I'hin.e (:hrominIogrnphy." 

Fnlty nrhl ('II(lI(St (nY. of totsl frilly % of totalnchds) 
' 'Y.(:l6,(N 10:2t l0:1 18:1 1:1 1R:2 19:3 2i0:3t 21:4 20:5 EI'A ' 

3I 14.2 2.0 1.2 1.6 :1.2 2.11 1.4 6.1 67.3 2.7 
ill 1.6 ((.2 D.2 0.0 1.7 0.4 0.5 2.3 01.2 29.1 

513) 3.2 0.2 0.3 (0.02 2.8 0.8 0.0 3.22 88.9 27.2 

01) 2.2 11.3 ((.4 (.2 1.0 2.0I 1.6 4.8 85.4 25.2 

61) 19.0 .0 0.0 (1.8 16.9 I 2.1 0.5 15.2 44.8 7.1 

G0 32.I 1.1 ). I.3 21.31 0.7 1.21 17.1 23.4 4.2 

61 426.7 1.2 0.2 2..1 26.1 1.2 2.8 15.1 7.4 1.6 

02 00.8 1.2 (0.7 1.7 13.11 0.( 1.09 W(. 5.6 0.2 

63 10M.7 1.: 1.2 2.1 13.1 ((.0 ,3.8 6.7 7.2 0.6 

0;5 086, 1.5 (.7 3.1 7.0 2,1 2.2) 5.3 9.1 0.5 

1002 7.1.:3 1.7 4.5 2.7 4.0 (2.4 3.0 2.4 5.5 0.4 

Pre-seprnlri milxhIo' ::.1 0.4 (.8 1.2 9.3 (1 0.2 8.2 46.1 

I'lIe''einglgleof n'elollill ,-woler. 
,Pip (fleri of E'VA cn(tent if fr-m'lim Ilnlolnl 11'A eolrd. 

.:l .ps( of FAMI i ondd (lltIhe 'lonlin.i., mixtl2( 
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Abstract
 

The 
investigation under the AID-CDR-supported project on 
" Production
 

of Eicosapet~taenoic Acid (EPA) by Microalgae 
" has been completed. In this
 

report, we summarize the results of the 
investigation achieved by TISTR's
 

group and evaluate the whole project in 
terms of its contribution to both
 

TISTR and scientific community, especially in the field of algal biotechnology.
 

The main task of TISTR as a collaborator to the project was 
primarily
 

to select 
an algal species with high EPA production and to study nutritional
 

and environmental conditions affecting EPA production by 
the selected species.
 

Under the designated research plan, TISTR 
group selected the green alga
 

Monodus subterraneus as 
a promising species for EPA production. Subsequently,
 

a series of experimental studies on 
the optimal conditions for EPA production
 

showed that the alga produced up to 4.5 % of dry weight EPA in 
the laboratory
 

at 23°C. However, when grown outdoor at 
higher temperatures the EPA production
 

was drastically decreased. This 
inherent limitation makes impossible the 
large

scale algal cultivation for industrial 
EPA production in Thailand in economic
 

perspective.
 

34,
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I. Introduction
 

Polyunsaturated fatty acids (PUFAs), especially eicosapentaenoic acid
 

(EPA) have attracted increased attention in recent years due to their
 

remarkable nutritional and pharmaceutical properties. Most importantly, EPA
 

has been shown to be highly effective in reducing blood cholesterol levels
 

and in preventing formation of atherosclerotic plaques in the arteries,
 

thus facilitating prevention and treatment of heart diseases in humans. At
 

present, the main commercial source of EPA is marine fish oil which contain
 

relatively low amount of EPA and the global supply of EPA frcm fish is
 

unlikely to meet future requirement. Thus, alternative sources of this
 

valuable fatty acid are being sought.
 

A variety of PUFAs have been detected in microorganisms including
 

bacteria, fungi, algae, mosses, and protozoa. However, EPA was not detected
 

in higher plants and only small number of fungal and algal species are
 

capable of producing significant quantities of EPA. The inadequacy of fish
 

oil as a source of EPA prompted us to study EPA production by mocroalgae
 

which have many advantages over marine fish oil in terms of biomass
 

production as well as the cost of cultivation.
 

The AID-CDR project on " Production of Eicosapentaenoic Acid (EPA) by
 

Microalgae " represented an initial effort to explore the possibility of
 

utilizing microalgae as a source of chemical products, especially those
 

with economic importance. This project was a collaboration between the
 

International Institute for Desert Research (IDR), the Ben-Gurion University
 

of Israel and Biotechnology Department of Thailand Institute of Scientific
 

and Technological Research (TISTR). The duration of the project was 5 years
 

from January 1, 1988 to December 31, 1993.
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II. Overall aim and specific objectives
 

1. Screening of fast growing algal species which may be sustained in
 

dense cultures throughout the year and which contain high concentration
 

of EPA.
 

2. Determining the optimal environmental and nutritional conditions for
 

high net productivity and overall maximal EPA production by the selected
 

species.
 

3. Optimizing cultivation methods applicable for large-scale production
 

of microalgae contaiiiing EPA.
 

4. Developing simple, low-cost methods for the purification of EPA.
 

5. Operation of a mini-pilot plant for EPA production in Thailand.
 

6. Expanding the knowhow for cultivation of microalgae for fine chemical
 

production in less-developed country (LDC).
 

III. Materials and methods
 

1. Organisms : Algal species used throughout this stidy was Monodus
 

subterraneus obtained from Gottingen University Culture Collection
 

and was maintained at 25'C under continuous light condition.
 

2. Growth conditions : The culture was grown for 7 days in BG-1I medium
 

-
supplemented with three vitamins (B1, B1 2 and Biotin at ixlO 5 g/L)
 

in glass tubes incubated in a temperature regulated water bath at
 

25°C illuminated with three cool-white fluorescent lamps providing
 

approximately 75 pE.m .s (unless otherwise stated) at the side of
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the water bath. The culture was mixed by bubbling an air through a
 

glass tube connected to the bottom of each culture tube. Specific
 

growth rate was estimated by measurment of cell concentration at OD-970 nm.
 

3. Lipid transmethylation : Freeze-dried samples of algal biomass
 

(100 mg) was transmethylated with 2 ml of methanol/acetyl chloride (95/5)
 

as described by Cohen et. al. (1). Heptadecanoic acid was added as internal
 

standard, and the mixture was sealed in a light protected Teflon-lined
 

vial and heated at 90°C for 1 h. The vial contents were then cooled,
 

diluted with 1 ml hexane. The hexane layer was dried over Na2 SO4 , evapora

ted to dryness under nitrogen atmosphere, and redissolved in hexane.
 

4. Fatty acid analysis : Gas chromatographic analysis was performed with
 

a SP 2330 fused silica capillary column (30 m x 0.2 mm.) at 195°C (injector
 

and flame ionization detector temparature 250'C, split ratio 1:100).
 

The results were formulated with a Water 720 integrator. Fatty acid
 

methyl esters were identified by co-chromatography with authentic standard
 

(Sigma). The quantity of the fatty acids was determined by comparing their
 

peak areas with that of the internal standard. The data shown are mean
 

values of at least two independent samples, each analyzed in duplicate.
 

IV. Scientific Collaboration
 

According to the agreement in the proposal of the project, TISTR's
 

group will study the environmental and nutritional effects on EPA content
 

and purification methods will be studied in parallel. Once a nethod for
 

selection of EPA over producing strains is developed by Israeli group,
 

the Thai group will attempt to isolate such strain. During the last two
 



4
 

years of the project a pilot plant for algal cultivation and EPA extraction
 

are planned to be established in Thailand.
 

During the operation of the project a research.r from TISTR made one
 

visit to Israel during May 12 -
August 24, 1991 to attend a training course
 

on Photosynthesis and Algal Biotechnology organized by BGU's International
 

Institute for Desert Research (IDR) and to conduct 
a joint research on EPA
 

production by microalgae.
 

Meanwhile, the principal investigator from Israel made two visits
 

to TISTR during the first and fourth year of Lhe project.
 

The visit of researcher from TISTR to IDR was judged as successful
 

in terms of scientific collaboration, especially in improving the techniques
 

of algal cultivation and determination of fatty acid composition by gas
 

chromatography.
 

V. 	Results and discussion
 

The results of investigation achieved by TISTR's group can be summarized
 

as follows :
 

1. 	Species selectLon
 

During 
the first year of the project, we attempted to select
 

potential EPA producing algal species from Marine Bacillariophyceae which
 

included Navicula sp.l, Thalassionsira pseudonana, Tetraselmis chuii,
 

Isochrysis sp.l, Skeletonema costatum and Chlorella sp. 1. Among these
 

species, Navicula sp.l was found to be the fastest growing species and
 

contain the highest content of EPA. However, since the amount of EPA
 

produced by Navicula sp.l was still ralatively iu-o,we had to look for
 

21
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other species with higher EPA content and eventually we found that the
 

freshwater green alga Monodus subterraneus was the most suitable species
 

for further investigation. We therefore selected and subsequently used
 

the species in all studies conducted during the second to fourth year.
 

2. 	Study on the effects of nutritional and environmental condition
 

on EPA production
 

2.1 Types of media
 

In our preliminary studies, we found that the most suitable
 

medium for the diatom Navicula sp.i and M. subterraneus were Guillard's
 

medium (Table 1) and BG-il medium, respectively.
 

2.2 	 Media composition
 

In many investigations,we found that varying various media
 

compositions and addition of certain vitamins led to different proportion
 

of fatty acids in algal cells.
 

In M. subterraneus, varying nitrate concentration from 0.25
 

to 5.0 g/L resulted in a remarkable increase in total fatty acid production,
 

but did not affect growth and fatty acid composition (Table 2). An overall
 

EPA production was markedly increased as a result of elevating nitrate
 

concentration, by which an EPA content of up to 4.56% of cell dry weight
 

was achieved.
 

A double increase in growth rate and more than 50% increase
 

in the proportion of EPA in M. subterraneus was observed when the culLuLe
 

was grown in BG-i medium supplemented with three vitamins, namely Vitamin
 

- 5
BI, 	Vitamin B12 and Biotin at the concentration of IxlO g/L. (Table 3)
 

3
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A concomitant change in the content and composition of other fatty acids
 

resulting from the supplementation was also observed.
 

2.3 Temperature and light intensity
 

In a number of investigations, we found that temperature exerted
 

a pronounced effect on growth and composition of fatty acid in both Navicula
 

sp.l (Table 4) and M. subterraneus (Table 5). For Navicula sp. 1, the
 

optimum growth temperature was observed at 20°C. 
An increase in tempera

ture from 200C to 40°C resulted in a reduced growrh rate well as
as a
 

remarkable change in fatty acid composition. At higher growth temperature,
 

the saturation of fatty acids was observed with arachidonic acid (AA, 20:4)
 

becoming the dominant PUFA, whereas 
at lower temperatures, the desaturation
 

of fatty acids took place resulting in a rise in the proportion of EPA
 

In 1.subterraneus, similar results were 
obtained. An increase
 

in growth temperaLure from 230C to 320C resulted in 
a drastic reduction in
 

EPA synthesis and a lowered biomass production. An approximated 70%
 

decrease in the output rate of EPA was accordingly obtained. Similar
 

results were observed when light intensity was increased from 75 pm-2.s
 

to 170 )M.m-. s . This inherent limitation of EPA production by tempera

ture and light intensicy constituted a major difficulty in achieving EPA 

production at outdoor temperature ani thus make impossible the industrial 

scaling up for EPA production in Thailand where temperature is relatively 

high.
 

2.4 C2. supplementation 

CO2 content in the atmosphere is about 0.03% while most green
 

plants neel up to 0.3% for their saturated photosynthesis. CO2 supply
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to the plants at concentrations higher than 0.03% therefore usually
 

enhances growth and ?roductivity. In our experiment with M. subterraneus
 

(conducted in Israel), we found that maximum biomass and EPA production
 

per unit volume of culture was observed when the air was supplemented
 

with 1% (vol/vol) CO2 (data not shown). 
The doubling time of M. subterraneus
 

grown with and without the supply of 
1% CO2 were 0.85 and 1.30 days, repec

tively. This clearly shows that supplementation of CO2 to the culture
 

apparently help increase the growth rate of the alga about 1.5 times.
 

3. Study on induced lipogenesis
 

One possible way to achieve a high net production of EPA in algae
 

is through the addition of exogenous EPA precursors such as oleic acid,
 

livoleic acid and *-linolenic acid. 
 In a process called "induced lipogenesis"
 

algal cells convert the C-18 fatty acids into C-20 fatty acids 
including
 

EPA. In our study, induced lipogenesis was attempted by adding oleic acid
 

(cis-9-octadecenoic) into the culture of M. subterraneus. 
Oleic acid at
 

all concentration tested (0.1-0.5%) was found 
to increase total fatty acid
 

production when calculated on a cell dry weight basis 
(Table 6). However,
 

the addition of oleic acid into the culture of the alga apparently led to
 

a reduction in biomass production, resulting in a lower net production of
 

both total fatty acid and EPA. 
The study showed that exogenously applied
 

EPA precursor such as oleic acid did not significantly improve the net
 

production of EPA.
 

In a related experiment, we used linseed oil which contains up
 

to 60%oC-linolenic acid as an exogenous EPA precursor. Linseed oil at
 

all concentrations tested (0.1 -0.5% v/v) caused a severe damage 
to the
 

cultures. All cultures died out 
in a few days of cultivation. This study
 

~4D
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suggests that more suitable and effective exogenous EPA precursors may
 

have to be explored if a more desirable net production of EPA by algae
 

is to be achieved.
 

4. 	Study on the output rate (productivity) of EPA
 

The overall maximal productivity of EPA by M. subterraneus
 

grown under optimum condition in the laboratory; that is at the tempera

-2 -1
ture 	of 23-25°C, light intensity of 75 )iM.m s and dark light cycle
 

of 12:12 h., was estimated at 6.0 mg/liter/day.
 

In comparison with EPA productivity by other EPA producers
 

(Table 7), EPA productivity by H. subterraneus was still very low, espe

cially when compared to the figure of 135 mg/liter/day achieved by the
 

fungus Mortierella alpina. Therefore, it is unlikely that EPA production
 

by microalgae can compete with the fungus as far as the cost of production
 

is ccncerned.
 

5. 	Preliminary study on outdoor cultivation
 

A preliminary study on the outdoor cultivation of M. subter

raneus in 300-L fiber-glass tanks was attempted. It was found that under
 

outdoor conditions (temperature 28-35°C, full sunlight), biomass and EPA
 

production were approximately 2.5 times lower than those obtained in the
 

laboratory. That is EPA productivity was about 2.4 mg/i/day. This figure
 

suggests that scaling up for EPA production under outdoor condition such
 

as in the open-raceway ponds is totally impossible in economic perspective.
 

The inherent limitation on EPA production by temperature
 

was a major obstacle that made impossible further investigation on a
 

large-scale production of EPA using 10,000 Liter open-raceway ponds as
 



indicated 	in the research program.
 

VI. 	 Conclusion and suggestion
 

The alga M. subterraneus investigated by our group has been so
 

far the only species that accumulates the highest EPA content of 4.5-6%
 

of dry weight under optimum condition. However, it has one important
 

disadvantage i.e. when grown at high temperature it produces much lower
 

EPA content than at low temperature. From a biotechnological viewpoint,
 

it is not worthwhile to produce EPA at low temperature since the cost of
 

temperature control is high. Considering climatic condition of Thailand,
 

which is a subtropical country with intensed sunlight and high temperature,
 

it looks obvious that large-scale commercial production of EPA may not
 

be possible in economic perspective.
 

The inherent limitation on EPA production by temperature implies
 

that the dream of establishing a factory for industrial EPA production
 

in Thailand may not come true in the coming years. The situation is even
 

worst when the recent study by Japanese researchers showed that substan

tial amount of EPA can be obtained more easily from the fungus Mortierella
 

alpina whose EPA productivity at 28°C was as high as 135 mg/l/day. This
 

indicates that more readily available and cheaper source of EPA at present
 

and in the near future is fungi not microalgae. Nevertheless, there is
 

still a hope to exploit microalgae as a good soure of EPA, possibly through
 

the use of genetic manipulation.
 

Theoretically, we can identify , characterize and even isolate
 

EPA-synthesizing gene(s) from EPA-producing eukaryotes such as microalgae
 

and eventually introduce the gene(s) into other lipid containing organisms
 

inrluding agricultural crops, especially oilseed plants in order to create
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tranagenic organism capable of producing their own EPA. 
 If successful,
 

this would greatly help increase the global supply of EPA in the future.
 

However, the ultimate goal of expanding EPA sources by the
 

application of gene technology may not be achieved without a prerequisite
 

understanding on the molecular nature of EPA biosynthetic pathway 
in EPA
 

producing organisms 
as well as lipid metabolism in the transformants.
 

To date, very little has been 
known about 
the nature of EPA biosynthesis
 

in algae. It is therefore an obviously important area 
for an urgent and
 

extensive investigation.
 

VII. Contribution of the 
project
 

1. Contribution to TISTR
 

The AID-CDR project on "EPA production by microalgae" was 
par

ticularly important in itself since it 
represents the effort to 
exploit
 

microalgae as 
a source of useful products by using the state-of-the-art
 

technology in microalgal cultivation. Likewise, since TISTR has been
 

trying to establish itself as 
a leader in the 
field of alEkl biotechno

logy in Thailand, it 
should directly benefit from 
this project. In fact,
 

the contribution of 
th project 
to TISTR was plentiful. First of all,
 

in terms of funding, TISTR received quite large amount of 
fund to operate
 

the project in one way, and to 
buy various laboratory equipments in
 

another. 
 Secondly, the project provided a good opportunity for TISTR's
 

researchers 
to become involved and gain vast experience in more advanced
 

research in the 
novel field of algal biotechnology. Thirdly, it helped
 

TISTR to be more open 
to outside community, especially in strengthening
 

and tightening its 
cooperation in R&D activities with foreign counterparts,
 

especially in the 
top priority area of biotechnology.
 

43
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2. Contribution to scientific community
 

Since biotechnology has recently been designated by the govern

ment as one of the t.hree priority areas of R&D in Thailand, an increasing
 

number of R&D projects in biotechnology, especially microbial and plant
 

biotechnology have been substantially augmented. Algal biotechnology
 

which is an emerging field in biotechnology has also attracted increased
 

attention in recent yeaLs. As a result of the progress and the popularity
 

of the field, a number of scientific meetings on algal biotechnology
 

have been regularly organized over the past 5 years.
 

In many occasions of the meetings, researchers from TISTR were
 

cordially invited to attend and to present scientific papers or posters
 

on EPA production. These included :
 

1. NRCT-JSPS Joint Seminar on "Current Advances in Biotechno

logy" ; Prince of Songkhla Univlslty, Thailand; December 21-23, 1990.
 

2. The Third Annual Meeting of the Thai Society for Biotech

nology on "Current Advances in Biotechnology : Industry and Environment"
 

Chulalongkorn University, Thailand; October 30 - November 1, 1991.
 

3. UNESCO-Sponsored Research Seminar and Workshop on "Mass
 

Culture of Microalgae" Silapakorn University, Thailand, November 18-23,
 

1991.
 

4. USAID-Sponsored Networking Meeting on "Algal Biotechnology"
 

Singapore; September 17-24, 1992.
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The participations of the researchers from TISTR in these meetings
 

were all successful. This means at least the results of the study in
 

the 	project has been widely publicized and more or less contributed to
 

scientific society, especially 
in the field of algal biotechnology.
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Table 1 Growth and fatty acids composition of Navicula sp.1 cultivated in different media
 

total 
 Fatty acids content
 
fa t t y ---(-- o f t o t a l f a tt y a c i d )
 

Medium K 
 td acid
 

0
(d-1) (day) (7of AFDW)1 6 : 16:1 18:1 18:2 18:3 20:1 20:4 20:5
 

Guillard's 0.394 
 0.764 1.15 28.73 
 - 27.07 - - 0.51 17.51 26.18 

Sato 0.213 1.413 1.21 28.75 23.53 13.12 3.20 3.09 0.98 11.13 17.21 i C-

Watanabe 0.261 1.153 0.98 33.58 23.87 16.98 2.63 3.89 0.60 12.84 18.98
 

Enriched sea water 0.308 
 0.977 0.82 47.92 38.22 - -  0.79 4.89 8.18
 



Table 2 
 Effect of nitrate concentration on fatty acids and EPA production by M. subterraneus
 

Fatty acid production
 
Nitrogen 
 (% of total fatty acids) 
 Total fatty EPA production
 

conc. -----------------------------------------
161 6: ------------------------- acid produc --------------------tonM f % mg/g
 

(g/liter) 16:1 16:0 16:1 18:1 18:2 20:4 20:5 tion dry 
 of cell of cell
 
(w----ll) - 7cell 
 dry wt) (dry wt) (dry wt)
 

0.25 3.23 19.13 22.88 9.35 5.61 4.49 35.25 8.75 
 3.08 30.8
 

0.5 3.59 18.32 23.84 
 7.46 4.47 5.62 
 36.61 9.18 3.36 
 33.6
 

1.0 3.19 19.20 23.18 9.22 
 5.03 5.34 35.80 9.48 3.39 33.9 0 

1.5 3.98 18.90 24.13 6.76 4.02 5.51 36.67 9.57 3.51 
 35.1
 

2.0 3.79 19.30 23.97 8.94 5.79 
 5.10 35.08 10.04 
 3.52 35.2
 
3.0 
 4.17 20.60 25.22 5.06 3.64 
 5.27 36.00 12.51 
 4.50 45.0
 

4.0 4.42 21.94 26.51 
 5.21 4.01 
 5.70 34.17 13.23 
 4.52 45.2
 

5.0 4.56 20.61 25.95 
 5.83 2.97 5.33 
 34.65 13.16 4.56 45.6
 

....................--------------------------------------------------------------------------------------------



----------------------------------------------------------------------------------------------------------------------
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Table 3 	 Fatty acid conposition of m. subterraneus cultivated on BG-i medium and
 

BG-li medium supplemented with three vitamin;
 

Fatty acid composition (M) 

Me d iu m --------------------------------
16:1 	 1:16:0 
 18:1 
 18:2
----------------- ,d!I ----- ----- (w-=7) . . . . . . . . . .

20:4 20:5 TFA
 . ... . .
. . . . . . . .
 

BG-Il 4.41 6.10 23.33 9.30 5.33 
 6.33 28.12 3.52 

r BG-i + vita- 5.10 18.84 26.52 5.21 1.86 5.26 38.61 3.:2 

mins 

* U;
 



Table 4 Fatty acid composition of Navicula sp.1 grown at different temperature (Exp = Exponential phase, 

STA = stationary phase) 

----------------------------------------------------------------------------------------

Temp. Growth Fatty acid composition (% of total fatty acid)-------------------------------------------------------------------------------------

(C) phase 16:0 16 :inll i6 :1n7 18:1n7 18:2 20:4 20:5 others 

------------------------------------------------------------------------------------------------

EXP 17.80 6.49 29.48 0.91 1.30 3.60 7.79 43.57 

STA 10.03 5.22 21.74 1.10 1.32 8.96 22.43 29.20 

-----------------------------------------------------------------------------------------------

c

02 
EXP 

STA 

15.18 

11.31 

7.15 

6.36 

30.18 

22.71 

1.07 

1.19 

1.00 

2.47 

5.71 

10.67 

9.06 

16.96 

30.65 

28.33 

< 

EXP 13.66 6.89 27.86 1.55 1.35 11.83 9.65 27.21 

30 -

STA 11.25 6.95 23.30 0.96 2.68 11.66 14.69 28.51 

------------------------------------------------------------------------------------------------
EXP 12.35 5.30 26.04 8.74 15.03 6.50 26.04 

STA 11.04 5.76 23.54 1.22 21.65 10.19 26.60 
----------------------------------------------------------------------------------------

EXP - _ 
4 0 - - - - -  - - - - - - - - - - -  - - - - - - - - -  - - - - - - -  - - - - - - - -  - - - - - -  - - - - - - - - - - - - - - -  - - - - - - - - - -  - -

STA 28.09 2.68 29.97 - - 7.22 4.40 27.64 

---------------------------------------------------------------------------------------



--------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------

Table 5 	 Effect of temperature and light intensity on EPA production and output rate by M. subterraneus
 

Tempe- Light Cell Fatty acid production Total fatty EPA EPA
 

rature intensi- dry 
 (A of total fatty acids) acid production production produc

(C) 	 ty (uM. weight 16:1 16:0 16:1 18:1 18:2 20:4 20:5 others mg/g of mg/Loffg/gof mg/Lof (mg/t/
 
-2 -1 


m .s ) (g/L) (w-11) (w-7) 	 (gL

cell culture cell culture day)
 

.............................................. dry wt. :roth dry wt. broth
 

75 0.91 3.23 20.16 25.95 5.83 
 2.97 5.33 34.65 1.88 131.6 119.8 
 45.6 41.5 6.0
 

23
 

170 1.20 3.55 21.13 24.44 6.57 3.07 6.75 34.01 0.48 100.5 120.6 25.7 30.8 4.4 

75 0.76 3.94 21.85 23.17 6.81 3.14 6.12 32.61 2.36 75.7 57.5 34.0 25.8 3.7 

28
 

170 0.84 3.79 22.07 22.98 6.77 3.45 7.04 31.48 2.42 71.9 60.4 18.1 15.2 2.2
 

75 0.47 4.43 22.46 22.65 7.10 3.58 7.80 30.80 
 1.18 52.3 24.6 26.2 12.3 1.8
 

32 ------------------------------------------------------------------------------------------------------

170 0.66 5.58 23.06 22.25 8.21 
 3.63 10.40 25.46 1.41 50.2 33.1 10.3 6.8 1.0
 



---------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------

0 

Table 6 Effect of oleic acid 
on biomass production and fatty acid composition in M. subterraneus
 

Oleic acid 
 Cell 	 Fatty acid production 
 Total fatty acid EPA
 

concentration dry 
 (% of total fatty acid) production production
 
(% weight of weight 16:1 16:0 16:1 18:1 18:2 20:4 20:5 others mg/g of mg/L of mg/g of mg/L of
 

culture liquid) (g/L) (w-ll) (w-7) 	 cell dry culture cell dry culture
 

weight broth weight broth
 

0.95 3.50 20.41 25.83 
 5.91 3.12 5.66 34.41 1.16 129.81 123.31 44.66 42.43
 

0.1 0.92 4.51 
22.11 24.68 5.96 2.04 5.71 33.84 1.15 139.26 128.11 47.12 
 43.35
0.2 0.84 4.48 22.80 23.71 6.45 2.77 4.43 
34.11 .25 137.55 115.54 46.91 39.40
 

0.3 0.75 3.96 21.94 26.28 7.94 3.12 4.71 
30.96 1.09 165.41 124.05 51.21 38.40
 

0.5 0.51 4.91 22.41 26.44 11.14 
 4.86 3.06 25.62 1.56 167.31 85.32 42.86 21.86
 



-------------------------------- ----------- --------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------

Table 7 	 Comparison of EPA production and output rate of the cultures of M. subterraneus,
 

Chlorella minutissima, the fungus Mortierella alpina and Phaeodactylum tricornutum
 

Culture Culture Dry Cell Total fatty EPA Content EPA Yield EPA pro-


Culture of Tempera- Days Concen- acids (mg/g (. of total (mg/liter ductivity
 

dry fatty acids)of culture (mg/liter/
ture (C) tration of cell 

broth) day)
(&/liter) 	weight) 


----------------------------------------------------------- ------------- --------------------------- >C
C 

M. subterraneus 23 7 0.9 131.6 34.7 41.5 6.0
 

19 4 0.38 79.7 39.9 12.05 3.01
Chlorella 


minutissima (2)
 

32.5 - 13.5 1,350.00 135.0 UMortierella 28 10 


alpina (3)
 

Phaeodactylum 23 7 4.0 118.3 28.0 132.9 19.0
 

tricornutum (4)
 

http:1,350.00
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TILE EFFEC' OF TEMPERATURE AND CELL CONCENTRATION ON'1TIE 
FATLY ACID COMPOSITION OF OUTDOOR CULTURES OF 

PORPIUIDIUM CRUENTUM 

Z. Cohen, A. Vonshak, S. Boussiba and A. Richnmond 

The Algal Biotechnology Laboratory, 

Jacob Blaustein Institute for Desert Research, 

Ben-Gurion University of the Negev, 

Sede-Boker Campus 84993, 

Israel 

ABS RAr 

The red microalga Porphyridium cruentum is a potential source for 
pharmaceutically valuable fatty acids eicosapentaenoic acid and arachidonic 
acid. The conditions promoting a high content of either fatty acid were 
investigated. The fatty acid composition was effected by cell concentration. In 
outdoor cultures maintained at a relatively low cell concentration, 
eicosapentaenoic was the main polyunsaturated fatty acid. At a higher cell 
concentration, arachidonic acid was dominant. The maximal daily 
temperature exerted a similar (although less intensive) effect on fatty acid 
composition. In winter, eicosapentaenoic acid constituted up to 50% of the 
fatty acids and up to 2.5% of the biomass dry weight but its output rate was only 
0.12 g.n- 2.d- 1 . In sumner, the content of eicosapentaenoic acid was only 1.3% 
but the output rate increased to 0.28 g.m- 2 d- 1 resulting from the elevated 
biomass yield which increased to 24 g'n1' 2 

"d1" (AFDW) . The highest 
arachidonic acid content was obtained in summer at high temperatures and 
cell concentrations reaching 30% of the fatty acids and up to 1.4% of the dry 
weight. 
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The red microalga L ruent11 is an excellent source for tile two rarePolyunsaturated fatty acids (PUFA) arachidonic acid (AA) andeicosapentaenoic acid (EPA) [1,2]. Arachidonic acid can be utilized for theproduction of prostaglandins [31 and was claimed to protect gastric andduodenal mucnsa against ethanol induced damages [4]. EPA was shown to beeffeclive in reducing blood cholesterol [5]. Manipulation and control of thefatty acid composition of the biornass resulting in a lipid mixture rich in one ofthe desired fatty acids and poor in the other is a prerequisite forbiotechnological a 
process of EPA or AA production from Porr1hvridium)iomass, since equimolar concentrations of both fatty acids would mandate aprohibitively expensive separation process. Ia a recent study [2] we haveshown that in laboralory grown IL riritt, arachidonic acid prevails underconditions that result in reduced growth rate such as high temperature (30'C), high cell concentration or low light intensity. In contrast, when thegrowth rate is maximal, EPA is the dominant fatty acid.
 

As previously reported [ 6-8], 
 u entuin can be grown outdoors andsustain good production rates. The aim of this work was to further study theeffects of cell concentration and temperature on the fatty acid composition

under outdoor conditions.
 

MATERIALS AND 1METIIODS 

Ut. Cre ntum strain 113.80 was obtained from theGottingen algal culture collection and was cultivated on Jones' medium [9] ina I in2 pond containing 120 I of medium stirred by a paddle wheel . During thewinter, the ponds were covered with polyethylene lining to increase the 
ambient temperature. 

Daily measurements of temperature, turbidity, oxygen, pH andchlorophyll were performed as previously described Ill]. The pli of thecultures was maintained in a range of 7.2-7.8 by a stream of CO 2 gas. Thenutrient concentration in the outdoor culture was estimated biweeklyanalysis of PO4 " and NO 3 -. 
by

Water loss by evaporation was replenished by daily 
addition of tap water. 

p r t, An r r n- e 
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Fatty Acid Analv,,ij Freeze-dried samples of Porphyridium were
treated with methanol-acetyl chloride (95:5) according to Lepage and Roy (12).
Heptadecanoic acid was added as an internal standard. Gas chromatographic
analysis was performed on a SP-2330 fused silica capillary column (30 m, 0.2
mam) at 2000C (FIT), injector and flame ionization detector temperatures 2300C,
split ratio 11100) and integrated with an HP 3390A integrator. Fatty acid
methyl esters identified by cochromatographywere with authentic standards 
(Sigma Co.) and by gas chromatography -mass spectrometry (GC-MS) 
performed in a Finnigan 500 mass spectrometer on carhowaxa capillarycolumn (30 ni). Chemical ionization spectra were obtained at 250 ev with
isobutane as reactant gas. Fatty acid contents were determined by comparing
their peak areas with that of the internal standard. The data shown represent 
mean values of at least two independent samples, each analyzed in duplicate. 

RESULTS AND DISCUSSION 

The fatty acid composition of P. Mentum culture maintained outdoors for 
over a year was analyzed and was found to be modified both daily and 
seasonally, in relation to changes in cell concentration and temperature . 

1.4 12 

1.2 10 

110 

0 

0.86
 
6 

0.41 

5 10 15 

Time(days) 

Fig. 1. Variations of 1 ( A ./EPA, o) value and cell concentration (W) in a 
.2- crincn pond (July-August). Maximal daily temperature
28-31'c. 
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In the summer (July-September, maximum daily temperature range
28-31 0C) the culture was allowed to reach high cell concentrations (from 3 to
14 mg chl*-14 ) resulting mainly in an increase in AA and a decrease in EPA
(Figure 1). The AA to EPA ratio (R) increased over this range from 0.47 to 1.64.
Due to the limited variability in the maximal daily temperatures, the cell
concentration effect on the R value could be resolved and were found to vary
greatly. Along the course of a year, similar temperature and chlorophyll
concentrations resulted at times in different R values. We believe the reason 
for this apparent irregularity may stem from the fact that the fatty acid
composition reflects the environmental conditions of preceding days. Such a
1memory effect" was demonstrated when dense cultures diluted to a low cell 
concentration displayed R values only afterreduced a few days of adju, ting.
Similarly, when exponentially growing Poruhridium cultures were sampled
along the growth curve, fatty acid composition was not dependent on cell
concentration, and an increased R value was observed only towards the end of
the exponential growth phase. Following a two days adjusting time , however, 
an effect of cell concentration could be readily observed. 

1F 
1.4 

1.01 
R a 

a o 

a0.6 a 

100 

0.2
 
2 
 6 10 14 

Cell concentration (mgcll .1l 

Figure 2. Correlation of R value and cell concetration in a P. cruentum

pond. Maximal daily temperature 28-3f c. The data pertainingto harvest time as well as the following 2 days were excluded. 

r . : ,, rnr c,.'
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To test the correlation of R to cell concentration, these parameters were
plotted against each other, excluding the data evolved from the first two days
following harvest (Figure 2). In this way, high R values were highly 
correlated with increased c6J! concentrations. 

In the winter (December-February), daily maximum temperatures were 
10-15 0 C, and cell concentration did not exceed 7 mg chlll.Variability in fatty
acid composition was relatively low resulting in a low and narrow range of R 
values (0.25-0.39). Three cultures maintained at cell concentrations of 2.5 , 3.5 
and 4.5 mg chl.l- 1 displayed the same R value (Table 1). 

The EPA content reached a maximum value of 50% of the fatty acids 
corresponding to 2.5% of ash free dry weight (AFDW) in December, while the 
concentration of arachidonic acid peaked in September reaching 30% of the 
fatty acids and 1.4% of AFDW. 

0.6 

130
 

0.5  a1
 

0.4 0 

R 0.4 

0.2 
0.3 [] 0 

0 
=B 

0 

0.2 
10 

. I 
15 

• • , I • 
20 

. • 
25 

. • • 
30 

Temperature ("C) 

Figure 3 Correlation of R value and maximal daily temperature in a 
P auentu 
 pond .Data depicts cell concentrations
corresponding to less then 5 mg chl .01 sampled at least 3
days after harvest. 

".-0fl 51 
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The It value was also temperature-dependent although temperature
exerted a lesser effect than the cell concentration. Since the dependence of R 
value on cell concentration is exponential , the variability in the R value at low 
cell concentration (1-5 mg chl. 1- 1 ) is minimal. By plotting R values 
corresponding to low cell concentrations only (Figure 3) against maximum 
daily temperature, a temperature effect could be demonstrated. 

In order to further probe the effect of temperature, two outdoor cultures 
were cultivated at winter maintaining identical cell concentrations. One 
culture was placed in a greenhouse (maximal daily temperature 25'C) while 
the other was not (17'C). The difference in the resulting R values for the two 
cultures was ca. 0.15 (Figure 4). 

R 

0.40 

0.30 	 . .. . . . 
5 10 15 

Tine(days) 

Figure 4. Effect ofpond temperature on R values in 1. cruentjn
 
Cultures were cultivated in a greenhuuse (max. daily
temperature 25±10c) and in an uncovered pond ( 17±1 0 ),
maintaining a AT 	of 8 0c. 

An interesting observation resulting from thesc data is that the effects of 
temperature on outdoor cultures is different from what was found in the 
laboratory. While under controlled condition, the lowest R values were 
obtained at the optimal temperature for growth (250C), the R value outdoors 

~.A~Ae-%ni r'nPY 
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was ro, ,nd to be directly related to the maximum daily temperature the lowest
R values being obtained at the lowest daily temperatures (12-15'C). The 
temperature regime outdoors however, is quite complex greatly differing from 
the constant temperature maintained in the laboratory. Also, tile effects of
other factors e.g. - day length and periodicity are not clearly understood , some 
of which may create this seeming discrepancy by affecting the fatty acid 
composition. 

The R value and the fatty acid composition are primarily dependent on 
cell concentration and only to a lesser extent on temperature. This finding is
of significant practical value as cell concentration is easier controlled than 
temperature. 

In an attempt to estimate the EPA and AA output rate, three cultures of 
P. naruetugn were maintained outdoors by daily dilution to cell concentrations
equivalent to 3, 4.5 and 6 mg chll-1l for 14 days (Table 1). The highest EPA 

TABLE 1Effects of the season and the cell concentration on EPA and AA yields in 
open ponds of L ruentuM. 

CellR Fatty acid content Output rate
 
conc. 
 (% of AFDW) (AFDW .m.-2.-I 

EPA A A Biomass EPA A A Rb 

WINTERc 

2.5 2.21 0.76 3.6 0.08 0.03 0.343.5 2.30 0.75 5.0 0.12 0.04 0.334.5 2.18 0.73 2.1 0.05 0.02 0.33 

SUMMERd 

3.0 1.28 0.71 19.7 0.25 0.14 0.454.5 1.16 1.18 24.0 0.28 0.28 0.696.0 1.00 1.31 13.0 0.13 0.17 0.88 

a. mg chl.1- 1 ; b. AAIEPA ; c. max. daily temp. 1 6-180c (Nov-Jan) ; d. max. 
daily temp. 2 8-310c (Jul-Aug). 

BCST ANIAr'I 17rnry 
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output rate (0.28 g.m- 2 .d-I ) coincided with the higher biomass output rate.This was observed at a cell concentration corresponding to 4.5 mg chl.l-1 . Cellconcentration corresponding to 3 mg chl-l-1 was nevertheless consideredsuperior since its EPA output rate was only slightly lower (0.25) where as its Rvalue was much lower. R value reflects the extent of AA "contamination"and hence the relative difficulty in EPA purification . Clearly, the smaller the
R the easier the separation from AA. 

In a similar experiment conducted in the winter (cell concentration of 2.5,3.5 and 4.5 mg chlIl-l), as the cell concentration effect on the R value was notobserved at low cell concentrations ,the highest EPA output rate (0.12 g.m 2 .d1) was obtained in a culture with the highest output rate of biomass. 

CON LUSONo 
The data presented here demonstrates that the fatty acid composition of P.creittun cultures can be manipulated outdoors as well as under controlledconditions. Keeping a low cell concentration in Porljvrjunm, results in anEPA rich fatty acid mixture which is relatively poor in AA. In contrast, ahigher content of AA is obtained when cell concentrations is kept high in thesummer. It thus seems feasible that a close control of cell concentration will

result in either AA- or EPA-rich biomass. 
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EFFECT OF ENVIRONMENTAL CONDITIONS ON FATTY ACID
 

COMPOSITION OF THE RED ALGA PORPHYRII)IUM CIUEXTU.I:
 

CORRELATION TO GROWTH RATE'
 

Zv i Cohen .2 _j vg a( VO , ,isha /ha 1. . o l irh mon l 

for lct rt tt-s'.r rhIlmltit-is hlrllillut, fIm 1l m .lgal Blihutrchnol it loaI_ahtrtor 
Bt'n-Guriml Lnimtrmit% of Ilhe Nc'gc%. 

ASTR.ACF 

/'orJphIridinrn 
cruntimun ",ra,dttrnorda, a /uHctiu, la/hi,.utentl). 
l'mnlpratur, pt, i! ajlmm. InI cu/toi-i cultiv'.ted at 
the t,/luI.Ml tt'tlltu u,d ,,hllm.u l/i,..ht r1,/h-
tiou t'rapta,'uuic a! . a, the maiot/./u,atrtd 
/0rit (arid. Wfhen orkouth pill ';', ',!/(t'd1I%de'cr'.i d 

'll I. jl)t't a ('t'llcci - ittrt'uP.tct/' tiuuz 

7,. lipid ad fatly arid nm/-.tihiml f 

/h.lt inttt t t h e ,tle m , 'e,ti l l '." , 1h , ,I ' l l m a l / , I / . , , l m ','a ,, ,t +lt ~ 
I ei0 tt/t r/ to' a/] nt/ pthlo-( I ,/Ili', ' t a d / ti /t 1 
(lia(l '']+ilv mlidl Incrol't.I. 1/1,' .tle'l /i', .nm.:' M e, mai',, 

pallorzfatl/tilt 'tt ictiI 

ltxintdevumd: ao ili ol c ar"Chi/ 1 i b 
t 
fll : 

t'tl'/'ltl~ttl c'//t' l lI ll l+l[ tNl,, +t tl,/t; ," ] )t 

hsllytidiLn 

The tiiicicolltir rd niarii' alga I'.n/ri) dum 
tr)'ctlttlit ttitltaii tichdlic aciit (20:-. t-) an1 
cictsipcltaei:i( acid (20:5. n-3) [uhl and \agii er 
I9f38, Nichols and App'Ifb\ I09, Nyberg 18-5) 
toth Of which tit rLkti\) Iilit' ttOiviisturaitCd 

ititiS l'Lomosifott acids r eIU'...Il lreli xptrrirniits. wc 
fou/td that l acid c lmptht(-sition of P. Crtl't/nll 

chtligtd dr;isiCa ll,VWitih tetlttft;itIIre and culture 

d.leisii\ ((tic t Ct il. 1986). [his Iestill was coiisis

tent with th;at rtpited by Kost et al. (1984) who 
found ari;itions of 50- ()06 in tile fati' acid corll-

positioni of this alga and with tit' receii t report of 

Kl\sachko-G ur' iCh CI itl. (1985) of in #'-"(Ir arachi-
d oll i a ('id accut l a tionl ti th is : fg . 'f+ ; g row n 

•
untder e~xtri-ttll Con+ditions. 

I'he iffect tf tv'ironnlieit;Ii codittlo s oil the 
lipids and fativ acids of algae is not fully untlerstood. 

Sirni]i.r tll\t'tilltieli i ( h brei showin tofiactors se 
exert oppositt effec'ts. In \'il:,chiaclot'rion tile con-

tent of 20:5 acid dcecreastd when light intensity was 
increased~~~~~ (Octn ~tesm17t,,+'lr~siI

increasedl (O'cutt and Patterson 1974). w'hereas i 

.V. /talt'a it increased (Opute 1973). Il higher platits, 
an incretist ill irradiaiit'c causes ail increase ill the 

glycolipids thtat ch;ratterize chferoplast tim 

branes. It is the 18:3 (n-3) acid that generally in-

creases in the glycolipids (Ilhr'wood aid Russell 
concen-198-1), but in species facking this acid, the 

to i tratio ti ot oth er PIU FA in creases i ii respo nse 

creased light itensity. Ii Euglttagirlit, Pol iiid 
Wagner (1972) f' tud thIt, WhenIphotosy n It esis w;Is 

A cepted: 4 Apt) 1188 
2+Address for rep~riml requie~ss 

F T P.' . n F 7C) Y 3 

St-dc-lioker r ltZ 8.1993.% W ai'r 

inhihited bv IC.M L thlotal qulanitv of glvcolipids 

and lheir 16: acid was drsticalis d-creased. Other 
Studies hlvt also shown that thc content of several 

tlllS;,t! rated C-16 and C-Is tiv acids, which are 

prtevalci ill glcolipids. ilcrcased upoi ilhuimit:tio 
(R]tse urtrg atid Pcckcr 196-1. Coiistatntopoifos and 

BIloch 1967). Th- l-sults i lo S ,tuldies oil tile 
t'lt- 't of tt lf l) l t ll(tl fillfill% tid copi ositioi (set

wb y' lh n \ 0 0 d i t S r l l 19 84 ) Cl tCt -c\ i' %V nd RL ,N ;Ir h ' i ll t i 

crcasted tttllpturat Lires csIIlli ill i (reasedl 
f;ll\ :t'i(] tlllu,;tutl~ l. 
ctl e itth iet'd 

Somi P F\ ha\t'cr(cnikh.ee t' ;lgntrt d ats h\

c 20:5 alcd for reducingil,, therapetic aluc-l 
bud ltlst1"- attni~l[<r h(:.\llc.,s 0 the: 2(1l~-I actidD eh- 1 

:1 11GE,ttattit (hors 198--).dfill 

The feasiility of outdootr ntass production of P. 
IlIle'.'1,l has aih-ad 'v bttci studitd (C; tikc and (s-
staid 1962, V\isfhak ct il. 1985). Ini this work we 
stuldicd thc CflcCi of light iiltisiil, ctll cOIIciitr;i

10, It-itllptralt', Ill . anid siliit\ oil the fiatst acid 
Opi I .utum..- clar be

ion of*1'. Ci(1 /lt Ati-a etw ll gr'<owth railu andilu asid composition was 
o(sfr\d ,il 

SiATERiAL. .\Ni) MII IIODS 

Ocagit. 1'. (ru'ntum strails 13180 I;i-fa I l :11.8()wtlt'o-i-it 
tarred from tilt' Gttigtil Al al C lturi CtlIt'cttt . Stock (ul-

tures t'tre mnaitt;intd m(otrtiltg it ,Vonshiak (1986). 
t Invi63 i glass t u s ( 0 . t ti. Itna t r tuir +itiM. en pt 

° 
regulated waiter bath (7+V C). illhminated wriltss otlicrwise slt-b 

e'd l)1ith four totttlt-% it lht (.tso-tnt Limps, provinitg 170 PE 

i -'s at the side ttf :he 'alt'r hath. The cllur' was tiixed ht1 

butbling;li t ir-CO, Inixtlire rIi lO ltt'i1/:l itsi:ht'h; glass (itbe 
fated ;ui the bottotm o t it; tilittt' tbv. Cultures tort also 

gromi itlErlenm;'tr lask pltd inta N Brutwi k incibatil(,
 

saker model (2and ilumi ateditromab
u15mF.m-2.s-1, ulei-(O(:ltmshr.Foratletast ei a light iiinisit'Ili 

thr e tiays prior it) s:npling. It ctdtuircs %%ei'keptI Ii the ex
polntial stag' b% dailh diitllOn. Tile' Spt'( flt gloti rait' tas
 

tstl tld It Inva ulte( tt ti cltsititlls (oitlltt tration anld (f
 

ttnilditr (Vttiiak 19(86). The pit ot hei lt'itll tas kept tc"t

taTi with a buffer olutitt (i20 IiM Iris IICI 4 10) Ii.\ 2(N
) A(id (MES)1otMtrl i mt-tltatttstllli I)1 7.0-8.5ntd 10 

m t i fih Ith N a t In| .2it N 

Lipid e,:ractiiiand/iractluioin. it't--drid stamples of Itio.
 

iass ure extracted with chhrftri-mtiatl-att actctrding
 
itt tligh and Dyer (1951). lipids Ncr Nt-par;'d bi 'LtC oil 20
 
x-20 cm glass plates coated with silica gel-)0 (lMerck). Chroma-i
 
ograp hv as carrit d out in ligh-protect28d Te lon-lined jars 
 u

dt'r Jil Ar atmol~sphe're. Lipid'. uce c'lued %wilhdhforofolrin/art,
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S ,,,njrv CUlure. 

as tile100:41:2:20::101tone ticlhaiI actic' 'acid atCt 
It c', 

b%a brief expoure to) I. almirs. Thc l,-i lniiitnitig limclti -i 

scraied (ofl and illitledc:ualtl 
k 

trratted, iti amt.thn,4iai.1%I c lli 

v lsi, rilibd h% Cihtn 

r.t.eliipiitig 	 ,,IiiiI(lou. 1721. "I'h, ,Oit'itt %,tc' .ai.ici 

ctrc %, ititI (Idll 7Ltm -111- iil licaridepurp tilixtlte.-t(" Iht, banlld, v% v.\tralct d vi ( Im. ;t t i .. 

c i i 'd ht I h, 	 li pid , % , lrc tr
(9:11. and id ,imti and pur 

-,,ii irm%,trm,. tt,,r remnln, I.C. ,-11.1,h11lh'lnlatinii wt t.ambrdlhid, inledifivhirciitand h%charmit-risti( 

id nn iil .Maiefor ph- phd,i '(KatiI. 1972p. 'liv nuutr, 

Iipid, Hamn, (n,titd ti ail it of 1'0 , fic tamliit. ,ptnti tlti's hlicjhrtwim'lld InI-. (fi- ald Ilon,-gl%, crldcthanl 0.9 and I 

ttiii t.il.ii iitigiitiii.00Iiiand.;1( ittil 
p ofP 	 ,w ,I (, 0ll 

ci, dt,, i cnthw Fi,i'. ri.i 
.,I(ililmidtlg)\, 	 riioiithl i,itlh2 iiI. I nthl.itm ri, 

Ii Ii'it, i v s,,I,'ald 

Is IIllcr 
acid\ as ;11lr 1i ina, naltil. standIitl d. .1dh 

-I,, \ ia I cr n 

. and dntntw tItil nl h.i ( t : ,ii 

it a li,.t-trii( tcdT e i-Iit I, n ii a ;it 

% %
dil nii d ' ,dIiI l . i il 1r 


d l , kitIt II o . ,, M
.ixOi\-
it.1 1111 	 140.1,; ' ,hualt d 

hili "Itisei i,;ts frivo iPcr N.Si1,. (c qIi atcd to 
ida ll 


siil',d i hie.viii
ur hI..,. iiidi r %n(uitn, aid rtiii 
ati% , s pctI f(r llcd

Fitih,wi al,,,ii C. lito inw,,ir;ilii ) 
tI (C t r 1i(111 tat(1.2Littul)c',2i'atwithi a S'-2331 huscdI ii ll uIha I)tcapillarylI/;Itt (ilu iitim i200, C (injct or and 

i 

C. split ratio, 1:100). Thlt. rsu t , \ .i t ir iiilt ittl allait I IP 
ncthk I tcr, %\,-u ihnntifitid b%Lot-

3390.\ intgrimor, ll\ ad 
tandards SIa) I b%,

ChrinTIati)igraph, with .ithtiui s

(hir111ilat)wapth -i;tss spc.(triiivtr ((,C-MS(.G-MS anlVo's 
rt. nrtiiurrn it:hitiiiigait(0itis. sl-)clro)nwtcr iuippl 

i mil). Chiciiical-in(<uhiwi iapilarc)lnmni (:1(1in 0.25 

i,)i.,"n SI'clr.1 %itCo i.itcd at 25(0 CV with ISioInu:uiic as lthe 
iiik oil tile uhlirtniitet Ihrt\. aleas;iI il'hwhhlthi thatt ilolt iiii\,,illtt'lia~la tii standard.m)'.iiii~riiti t pt.;i ,uantitt.e falIhit t ' s t-iri-'

,iiiQoi. 'I li. (ijiitOilpairing the-ir 

it Ieast 	 , indepeldeult ih 	 ' ot t.wiar .
 

.imp.les,,tu ,ii dupliciit' 

T lied . . niian alues (it 

R-ES_I'S 
The major faitty acids of' 1P.cru.tum ,ere Found 

to be 16:0, 18:2, 20:A (11-6) and 20:5 (n-3) under all 

Conditions tested. 
an 

increase ill thIe prolportions of the 18:2 and 20:4 fatty 

acids accompanied wi a decrease in the 20:5 acidi 

(Fable I). Under high light intensity, the calculated 
ratio R of tie of 20:4 to the ,' of 20:5 acid of a 

Culture grown at a low cell concentration was 0.78, 

whereas tihe I. for a culttire maintained at a high 

Ail increase in cell concentration resulted in 

a idt slll]-alt~~I t 

.h ..3 I06 
01 	 2 4 20:2 	 1 1 i. 

8.3 	 0.2 0.1 0.2 19.3 :0.0 0.( 

0.3 1.2 1.2 28.8 24.1 1.2
8.3 

6. 1 	 0. 50A !.3. 0.9 15.9 3".8 0.A 
0.518.1 11.15.8 0. .6 ).G 

1 0.7 1.7 27.:! 25.1 1.19.0 	 0.2 
0.8 18.6 23.7 0.811.0 1.0 0.5 

3.028.1 	 9.417.2 1.0 0.6 2.3 

1 1).[ 0.2 1 1.
I.5 	 12.1 7.8 5.4 

. :1.: 32.7 2.918.5 0.3 

was 3.0. Ctlt iVatiOln tnder low 

ligl t inlteltsity pr-odIuceld similar results. The increase 

ill ilt' R value resulted Ilaikilv fr'O the decrease ill 

the 20:5 acid an1ld to1 lesser eNtenll from tlie increase 

cell colCelltration 

u 
c lllClll11Il- 1). ~C 1 .1 t.11 0 

olire p le x 
ill theh 	 20A acid (Fable t 

c o 
T h e c ha nge i nlelli a tlle la dl a 

effcl ithalllight. nshak ( al. shilt from the op\ temliperaltire198.51 to 20' C or iotinm l of 25' C (V 

300 C at low cell ')uCeiltreti(ll resulted ill it pre
t h (T a b ' "a id w s 

e 	 e'ttl (1 tl!f e t le I). Thedictabhle~~ ftrediction'Ill inllthe growe~ 
IefeCt iOf (theselelliperll llS Oil hfill tV acids W5i
 

25 C to 0.6 4 at 2 0

incrcas 	 ill R fr nt 0 .- - at 

C aid tO 0.78 0it300 C. The R ValtIe e(i0irl:eitd with 
the growth

is rprii~ti~l (d ;lesil 2Wl_0(and -1;(i of 
' C, reshtl ive\ . itS (oiimparedaltes :1l 30' C and 20( 

witll tile growth ralte :it 25 C. 'I'he Ilrgesl differ

a t t il . iO lla r y p h a s e.1(ato b se r vtedliCe s ill R w e re 
i.e. a,14-foldohil(le on e 


incrta! e at 300 C ('c)nlpared uith .i 2.5-Iold increase
 
relative 	 ( (.xpal ial pha s 

at 250 C. 
i ;1 )11I values of 5-8.5Culisatiill of I'. Ciii'ttl 

-~l|[[eTce11ilraeilte2:tac8. Culat tioll at stillr-estlletdopi ;I aillered gril'wth ralt.1s. 

the 20 A and 18:2 e le all in crease il)li al I I 
in tie 20:5 acid (Wig. 1). Theacids and :I decrease 


I \.alue over this pIllI range increased frolol0.64 at
 
al 1lI 5:. l
itil conp:lrabhlep)1 7.6 to as high is 1.31 

experiment condtucted tnde' lower lighl illtetlsitv, 

the effecl was evel gre:ater: at plI 8.5 aid 5.0. IZ 

Was 1.67 and elv. These valeS WereT1.52. resVecl ee p c ,e v.T 
even higher thanl tile cIorrespodin(v g values obtailed 

illthe i le (e pIITratlre an1dattll it statioliary coO tire 

tnder opilnhtlll6 1 -11. 

1ncreasin~g the NaCI cilcentration ill the growth 

medium from IM to 2NI resuted in retarded growth, 

reduced fatty acid content and a iincreased IP..NaCI 
thal in the control iedtimConcerntratioins lower 

had no effect on the growth rate or oil the I. vale 

(Table 2). 
Lipid fractionation (Tabhle 3) showed the presence 

cf tie nieLtral and polar lipids, monogalactosylacyl

diglvceride (MIG DG), diglactosvl:tcyldigh'ceride 
(DG'DG), and stlfo(quinooslac\lligh'ceril'e (SQ). 
The phospholipids were phosph'atidyl'choline (PC), 

phosph atidylglycerol, ph osph;tic iCtyhiitolafI Iline, 
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r-sulhed in an increase ill the neutral lipid content I :i 
and a decrease ill thei otlher lipids at low cell c-', I:l2 ,,'t 
centration and even more so at high cell concentr:

1.5 tions. In the latter case, 58', of total lipids we 
neutral lipids. A high content of netural lipids w;,also found in cultures cultivated at 8 ' or 30" c " 

-r under low light itnensitv (data lot 28' C not sho )il. 

1.0 rates., (25' C, low cell contcentration), the 20:5 acidc 
became tile dominant PIU.J\ ill (-tre lipid fraction 
MalIZed but I'C. In NI)DG it represented -19.1 ;, 

of' the fatty acids. Under suboptimal growth con
ditions of light and temperature, the 20:5 acid cot0.5 tent dec-ceased sharply whereas tile contett 5 f ts . tl 
18:2. 18:3, 20:3 and 20A- acids increased. Ihs 

30 C,,effects were lal;lXilll;(] during il' stat iontarv phiastv. 
Similar results werC ohtamined fOr culture.s grown at 

- 28' C (data not shown). 
a The most significant cffect of light :n temper- 11C
E5 att-t.StreSses Oil tile ft'Ittv acid 'O(uttt)Oi6itioli was ob
< 20,served in the lipid collh)tsitiOn 0i' cells ('ultued atM 

30' C. Increasing the teielirature to 30( C resulted \ttGttI- , ill a taarked increase of tihc 16:0 and I8:0 acids itt h.iiw. 
. both glyctlipids and ntlttral lipid fractions. [his ef- ' RtioL. fec: was barcly observabhl illtlt total lipid mixtun10cuc to tile itcl-easc itt tielttTOtrtiniit of ttC-ra 

o lipids, which were tlativ. poor in tilte 16:0 acid. sc\ertI 

V,'t ('aict
DISCUSSION 2.. 

5 6 7 8 The fatty acid ctltnpositiont ,,f 1'. Cr ItI(IMlt wats in- lI((3; offluernced ) % etnvirotnmental condiIiiiots. n cr o-il the 18: 
pH tital conditiomns. which prov'ide tit ftstcst (\tixt- portio

Fi;. I. Efcct ofiiitin Idt onc aim mwaidompsiit onf' nential growth, the domtinant IUF:\ wasit. -0i j th( I8:t he 20:-/11:5 ratio tR [AY:18'2 ( );20t4(); 20: a:id. Il , contrast, tuder gro lti-litliting contdttitins tlc C(0). Cultur,.,, i, uwnvatcid ii .. :h, t (170 tE in ,% (high (t.ll ctti tt trattiotn, Iiw light iutnlisit u, - hii} Ic 

-Itintt tc-l MIraturc I1. antd itcr,.t Scd mulettd sltitiand phosplhatidylittsitotl. The latter three togeth-tr txl. the 20:-I;atd 18:2 acids cctnlttittuot To latittsl 
copnrised onlv 5-S; of tilc- total lipid content aud level of this effect was taxinal it tlil statiottl v :l, cx 
wtrenot analv/-d furtl t. Fatvacid analstuf Cach phas . [lc rtlatitslips we fottid between fatty fatty':tclipid class showed that the '20A acid is coiuctitrated acid compositiol, cmvirottic-ittl conditions and ft.'p.
ill the neutral lipids and I. whe-reas tile 20:5 acid growth rates ttiav explain tlte quantitative dlscrt.p- ittentic;
is foutd rtinil in tIlt. g1s oipi, (Table b. aicv betwet.i tandiour -cstls thoscofl'ohl and Wag- cittnpdis

In cells g %wnat tilt oitinl tt 1p111t'r1111t (250 C) mrit (19(68). Nichols and Appelb\ (1969) and Ahern anc lig]
and low cell cucctntration, tih clitt Of Hclut-;ml et al. (I1981). cht'tiis
lipids was tminitnal, andtilth ma jor lipids wcrc The rtcSttlt., suggest that thIle revious reptolts were ,;1it. s'.tT(;[)( 
and DGI)(.. Increasing tI tcnLi)tptturm- to 30' C balscd til wttrk colltlctedl with either stationarV o all., ICl 

It :tp, 

I ,I I. , .,t " , 
ill resp( 

Sit i . S~l+, t, ,s I ", N",to P. r%,.0I .... t7eFt... I, l ta o +rl" l 54l' ti,~'( i turhic(r 

0.25 1.2 .I.A 3:1.5 3.0 0.8 0.7 5.7 0.2 0.6 10ti 17.3 37.5 0.5 respotls0.5 1.2 :1.7 1. t 3e t.o 1.2 5.9 0.2 1.6 0. t 7.6 3.6.0 0..5 tro\vers,
10.88 3. 31.7 3.9 0.7 0.8 7.5 11.4 1 1.8 I. 17.7 :15.3 1 0.5 ofth e rtI.5 0.52 3.0 27.6 2.9 1.0 1.6 13.4 t.t 2.4 1.2 22.6 26.: 0.92 0.31 1.2 3t0.0 .4.3 2.2 -1.5 15.3 1.2 -t 1.4 22.5 18.91 1.2 igniet 

AFt)W = ast-frcc dr- %,iight. tile 20:(1975)
h iL *tralce - ?' )tIlt.Ratio of '; 20A. to 1, 20:5. f ' ; : -y ,cicl i to 
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' 	 P* IIlr.4f. 44tizir C cal (n(11 ni l film/attix ai a. o") I . {'rut'4t 6nm.Iuh1, 1, tt 1. an dfltr ( o 	 (c vari 111 (i1 C "Y' (Wnlterd ft 

170 mE m : 'nilgh t i!,)iO)" 

I---4; (:tT 	 otI
 

I. 1a0 4(,I I l 4I 4s2 h23. "o 12 :. .) u24 	 R 

"1-5 .2I: 2.S 0,6 2.0) 6. 1 .5 0.3 0. ] "15.9 35.8 0.
:) 1.5 3S..9 2.9 4.. ] 1.5 4 .0 1 0..5 0.8 48.46 2:.7 04.8
 
30 8 36."1 1.2 1.2 2.7 17.2 1.0 0.6 2.3 28.4 9..t :4.(
 

254.2.8 5.3 9.2 7.6 15.5 0.6 0.. 0.8 46.9 21.9 0.8 17 
0 I .5 20.S.8.3 1.5 I.8 20.6 1.7 4. 3.6 31.3 7.A .. 2 3.1 

340 8 25.7 . 6.0 4.5 22.9 2. 40.11 3.2 29.,1 .. 7. 58 

%5IG :"5 4.15 :1 .5 :4.6 1.0 :i. 1 8.3 0.2 0, 1 o. 4 2.9 -49. 1 0.446 2C
 
:9 I. .5 7.: 4 2.2 2.8 9.8 ().9 6 28.4 0.2 18
2.1 4.5 
30 S I4.0 2.9 -..2 .1.9 10.2 4., 2.-I 0.- 4 1 .8 8.4 1.6 I. 

G D4 	 25 1. 1.9 8.6 4.8 2.2 41.2 0,4. 0.2 0, 1 II 3:)5.2 (.04 26 
:30 1.5 644, 3.i 0.9 I.A .0 0.2 0.3 2.7 22.9 0.41 5 
:M S 4(4I. 2.4; 1.9 2.6 5.2 1.3 4). 1 0. 4 8.5 8.3 4.0 9 

SQ 25 1.5 . 5".7 3.1) 2 9 8.8 -1.7 1.2 - 2. 21.2 0. 1 13 
:() 1.5 1t.. 0.6 2.0 I i 3.7 4.S 2.7 1.2 8,0 I4.5, 0.7 M44 
'(I S 685.8 4.8 S.S 5.1 9. I 0.7 2.7 1.0 3.'3 2.46 14.3 

11C 25 4.5 M14.9 6.44 2. 6 34.6 6.7 2.40 2.3 4.4 :48.9 : .( 440( 
I4444.5 :4.7 2.0 2.4l 5. I 9.5 0,9 1 2.0 .12. 3 6. • .i 8 

:i s 2).) ..4A 5.2 9.2 I 0.6; 3.5 -16.6 2.9 16 C) 

•M(;L)i. 4(T (la ).',];4.4,hh ~l.ttir [)G(;4 dgh0 t:4syl:4cvl4gk r : SQ. su~ih ri( )'.vl h ; 4 ht44i(~l4i} idlc ')C, 4)h4,,l

C|hhn'.. 
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severeIy light limited cultures. '[hi ] 4'Rlts which dis4r'eellietnl (ould po)ssily4 ste(0 from thle diffe.rent 
we calculated for their (atm: were. ill 41 ratnge )f 2.1 vironmtental c(n4dition4s 'that gv-rl [lite growth 
4o2.9, and t=e proportion of 418: ac:d was 15- raie of the alga. 
16% of' 4(44tal acids,. Tlhe rise in 4lrt'cn"tet of The itlcasc of the 20:5 r'sponse Ito inlftt acid il 
the 18:2 acid was essentially : mairker of the pro- C'rua;sed light intcnsit\v is anahog(us with the previ
portio!) of nc4tr:4l lipids, sine Ilrge (fylU;jtitics of otisl\ ment44lio(ed incr.,ase ill the 18:3 (n-3) acid in 
the 18 fot44 ill this lili(l class. Iligh i4h,44t5 and al , in r'esfl)0)8s4 to enh1t):144ced illttmia":2icid were 01nh'5 
lee, ,)f the 18:2i (a 4 thus, le c(rrelattc.(l with ti4 (l>,+sutnleg a44( ldecker 196-1. Constanto4 ouilos 
high levels (>,0i) ,Of 444.4'utrI )i(s. wli¢'h :t'CC- an(d Bloch 1967). Kates and Voictni (19616) sig
mtlatu4 oih tirider slow grt 4diti44s. Tile Iu- (T.ste(I that 4n diator4s 4th4.(c)r, 	 20:5 acidl fulfills ; role in4 
lationship '4f fatty acid ()mposiio to growth rate J)h(tos\thcsis similar to)thatt ofthe I8:3 acid (41-3) 
also explhins the variations( 4) t ) 100i% i til. il other plants and :ilga. I'. cr444/444,) does 4o4 Co(i
fatty acid conposition founld bV Kost C'tal. (198-1) tai4 a4sigoIfilc:44t qualtitV Of the 18:3 (u-3) acid. and 
for 'P. cr'luntum culturcs grown t444(1(r pia)trentliv the 20:5 acid etN\ have\.1:'ttl ana4:logouts role to that of 
identical conditionls. IVe folhl4(1 that,4 tit. flttt\' ac:id( the 18:3 acid. When growth is retarded, less 20:5 
COMp4sition4 changed 4sbtch culttres beca:;t t4dese acid and gl'olilids are )()dtIctd. 11appe:ars, how
anid i2 ht beci m e growih limniting. I4 contrast, ill a ever, that ill P. crutn'n44iu this effect relates to the 
chei,otait culture in whichlt t exl)onentiat growth growth rate rathcr than directhl to the light inten
rate w\as kept constant, the fatty acid (om)osition sity. since it occturs 1iot oilkh. as ;l rcsult of light lira
also rernlire d Colnstant (da4tm I(Oi shown4). itation but atlso ill res])oilse to any' fctor limiting 

It appears that the relative variations described growth, such as nonotptinalIll Iand4 salinitv (Fig. 2), 
here ill the proportions of tile 20:4 and 20:5 acid,, which afffect ;Ill (lverlaping R curve. 
ifl respon4se to el4\4ir44)4t4414 Ia I factors lrel)t li44it.d The tv.n pr;tLur rf'cti Oi4tile f'14v alcid COln
to P. crt444l1444. .Ai anad\'sis of' the data of Pohl and po)sition of P. Cr44'4ntm is similar to tie -ffects of 
Zurheide (1982) an41d (if Kavania et ill. (1986) reveals other factors atf(cting growth, T'he effect Of culti-
Sirnilar variations i4 tile Rvalhe of various algate if) vatit4 ;'t 30' C: oil fittty ilcid composition it) ter4s 
respons5 e to cht ttges it) light or tem)pera4ure. : con- o.)f i14creased R an0(d 18:2 atcid was, however, more 
troversv.exists regarding file fattv acid composition itlten4se that 41heco4ld(he expected o4 hsis of growth 
ofthe red macroalgt Gracilaria /Ivid''4d.. Pol rate retardation 44n4sa:tura4tio4))o e and l:one. Th. increase ill 
Wagner (1968) and Araki et all. (1986) reported that at the lower growth templertttures was explained by 
the 20:4 acil wits the mait tU F.\. whereas Sato the led to com1pen4sate for the de'crease it) mem

d(1975) 44( Haivshi et al. (197-1) claitmed ti4e 20:5 hi'allte fluiidity'at low temperaitures (MIrr 1962). Thec 
acid t( he the' main PLFA. We suggest that this itnfluertce of temperature ott th contt (f )the20:5 
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Production of Eicosapentaenoic and Arachidonic acids by the 
Red Alga Porphyridium Cruentum 
Zvi Cohen
Algal Biotechnology Laboratory, Jacob Blausteln Insllute for Desert Research, Ben-Gurlon Untverslty of the Negev, Sede-Boqer
Campus 84993, Israel 

The red microalga P. cruentun is a potential source for 
the pharinaceutically valuable fatty acids eicosapen-
taenoic acid and arachidonic acid. The conditions 
leading to a high content of either fatty acid were 
investigated. Strain 1380-id produced high eicosapen-
taenoic acid content (2.4%, w/w) under conditions 
resulting in a high-growth rate. Hi1gh arachidonic acid 
content (2.9%) was obtained under slow growth condi-
tlions in the stationary phase or under nitrogen starva-
tion. Strain 13 80-la produced 1.9% w/w arachidonlc 
acid under exponential conditions. By imposing nitro-
gen starvation, it was possible to obtain a lipid mix-
ture enriched with arachilonic acid and elcosapen-
tacnoic acid. 

Arachidonic acid (AA, 2(J:,lwt;) andci eicosapentaenoic
acid (EPA, 20:5w:)) are rare fatty acids of polential phar-
maceutical value. AA was suggested as a precursor for
biosyithetic production of irostaglanlin 1P(;l"2 (1 ). EI'PA 
was shown to lie effective in preventing [)food pllatelet
aggregition (2) aiid is claimeci to lie useful for blood ch)-
lesterol reduction (3). 

EPA is found in Inmarine fL.sh oils, yet the low l'PA con-
tent and tile presence iof other fatty acids of less-desired 
plroperties have initiated several stidies ained at the pro-
duction (f EPA from n0icri)algae. The narine alga Chlo
rella ?flfmliLtiSSinll (4) and the freshwater alga AMonodus 
subterraneus (5) were suggested as potential siources forEPA. AA was shown (6) as present ill Eg',na grcu-ilis,
Ochroonnasd(nica ailoi in the red ilicroalga I'o?7iyr-i-
dium c-mientuu, which also contained EI'A. 


P cnierntu 
 was studied as a source for sulfated ioly-
saccharides (7,8), which coul tie utilized for enhaunced 
oil recoveiy froin oil wells. It also contained piycoery-
thrine, a red priteii Iigmen lused for iniii inutdfiiores, 
cent tetection of tumiors. 

We have fo un( thail. tiie fLaty acid coliposition (if 1P
crlitentntwas highly depedlent onienvironmnenital coldi-
tions. Contrary to previotus reporLs, I'A was tie main
polyuinsaturated fatty acid (PIFA) fonnd ill cultures cul-
tivated at optimal teinierature anti ll i0ilitig light cin-
dtitions. When growth was slowed by increased lightintel-
sity, increase( cell concentralion, onoptiniai tellper-
ature, )11ior salinily, the contlenrt of I'IIA decreased, and 
AA became the major I'UI.'A. This wok relllts tile potell
tial (If various strains of P cruentonn as a source (ofEI'PAand AA, and the growth comditins onder which inaxi-
muin productivity of eachtof these fatty aciIs can lie
otained. 

MATERIALS AND METHODS 

P. enie-tn"nt strailis 13801 la to f and I1113.80 wereobtained from the Gii(lingen Algal Culture collection. 
Maintenance (if stok cull i'es and iillOilla iielaration 
wei-e l)erforlie(i aco-liiig ltViihsiak (h)). (ultulres were 

Inential phase (0:5-().47) was lower than the range at tile 
stationaly phase (0.9-2.1) because AA increase(, and the 
quant ity of EPA decreased. The highest EPA content was 
found in strains 1380-11) and Id. At 30 C, exl)onentially
cultivated strains contained ca. 319.21; AA anti 12.1% EA 
on average ('i*hl)le 2). however, total fatty acid content 
was in iost cases tile highest iii the stationary phase at
30 C. In strain 11 3.80, total fatty acid content increased 
fron 4.2, in the ex ponential iihase to 7.7% (AFDW) in the
stationary phase. The i -value (11.5) at lie stationary
phase in straini 11:.80 WYas the highest value observed. 

Nitrogen Starvation 
When tle exponentially ultivated P. ri-ienutunm strain
113.80 was tansferred to a iirogen-free mediom, the

total fatty acid content increased to 8.8% (AFI)W) after 
four days. The fatty acid comlosition resembled that
ol)served lit (ie stationary phase. The crontent of AA 
ilc-reaseI to 2.9; a ithitt of ElPA decreased to 0.9%
(AFi)W).

The major effect 
I 
of 

, 
the nilrogen Slalvalion on the lipid

('colcentralion iif criorttan strain 11:1.80 was tit(
increase iii neultral lipiids friiiii 20.61% in (ihe control cul

grown on Jones' nle(ium ( 10) in a temlperature-regulated 
water bath illiminated with fluorescent lamps iprnviding
170 mnE.n- 2.s1 at the side of the Iath.The culturej were
mixed by bubbling all air-CO, mixture(99:1,v/v) through 
a sintered glass tube pilaced in the bot ton of each culture 
tube. Forthenitrogenstarvation experiments, cultures in
the exponential phase ofgrowth (28 C) were centrifuged,
washed and resuspended in a nitrogen-free medium. The 
cultures were kept for an additional three (lays under the 
same light and temperature conditions. Cultures were 
grown to the exponential stage aild maintained at steady
state by daily dilution for at least three (lays before the 
onset of the experiment. Growth rate was estimated by
chloropihyll and turbidity neasurenlients. 

FattyAcidAnalysis 
Gas chromatograpihic analysis perfornied on a S)was 
2330 fused silica capillary colunn. Fatty acid methyl
esters were identified by cochrolnatography with authen
tic standards (Signa Chemical Co., St. Louis, MO) and by 
gas cIromatogral)hy-inass spectrometry (GC-MS). Fatty
acid contents were determuineid ihyconparing their peak 
areas with that of the internal standard. The data shown 
are mean values of at least two in(le)enldent samples, 
each analyzed in dol)iicate. 

RESULTS 
Under optinial conditions, tile seven strains of P. craten
turnihad similar growth rates, ca. 1.1 d, ('Ilble 1). The
i'-'A contenit ranged front 1.85% to 2.44% of ash-free dry

weight (AFDW). 'he range of AA/lI''A values in the expo
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LVI WIMI'N 

TABLE I 

Fatty Acid Compollio an ('rlontent litI crnientrm 

Strains Cultivated at 25 C 


Growt I f2 Fn Ityacid cotentIt 

Strain phme' (d ' 
 1ttlal AA EVA AA/FI'A 

a % w/w ash.freetdry wt. 

1380-1a 	 F Ino, 5.:4 o.84 IRi9 0.6
S - 118:1 1.tll 1.12 1.7 

1380.Ib E 1.13 5 (I .H6 2.44 0.4-
S - 5 :1G .. 1.24 I 31.58

1380. 1c 	 E I.1 .3 5,18 0.01 2.1, 1 0.4S - 5.1115 1.27 1.48 0.9
1380-1d E 1.1.5 547 1.81 2.41 13.1 

S - 5.05 1.24 I.:6 0.01380.1e 	 E 1.39 5:11 0.98 2.10 0.
S - 515 ..89 0.92 2.1

1380.1f 	 E 1,10 5.15 (fll 2.06(t 04
S - 10 [t1lo 11l 1.8

113.81 	 E 0.918 1.41 (.8(1 I86 0.4
S - 55.I1 I.: L30 1.1 

1E, exPtnewllal hphase.-1,5ig I t-hltrpIyl, q,salhmiary pitase

2730 mg I' chlorophttyll. 

'Growth rate, turbidity. 


TABLE 2 

Fatty Acid Composiltinn and Content In It crientum Strains
Cultiv.ted at 310C 
 .ction 

alth ld ntI 	 tit 

Strain phase 'lolat AA EPA AA/ iStrain.Total .............. 


....................... 


.1S11a 	 S 
 -167 ,I .F - -- .123 ' 218M 0120,60 r'173.
1380-1h 	 F, (1.70 :1.78 1.49) 015.1 28 

S - 4(17 19l5 031 641380.1c 	 E 0801 4,42 I'MI 0.62 14 

S - 5 .1-2 2.01 0.82 2.3


1380 Id E 0).710 519 1.78 1.02 1.7

S - 4.74 1.84 0.10 4.5
1381)-le 	 E 0.76 ,1.30 1.78 0.55 32 
S - K.M8 2.4I 0126 (41380-1 f 	 E 0.I9l 4.46 1.85 0.55 3:1 
S -- 5 l: 2.23 021 7.8113.80 	 I, 0.t2 4I ! 1.f2 0:30 5 2 
S -- 7.17 2.118 0.22 11.5 

ture to 61.0%' il tIle N-starved ciultiure with a concurrent 
decrease in tile glycolipids. A major increase in AA was 
noted hi the neltral Ilpils anttIhosphatitlylchioline.i 
Both AA and EPA (iecreased irotlortionally it tile glycot-
lipids. The ctmine(] fraction containing neutral aitti 
phospholitids was r i In AA (:3.01' of total fatty acid). 
'lie glycolipids remained rih in EPA and low itAA. 

TABLE 3 

Effect ofNitrogen Starvation on the FattyAcid Composition In P. 
cruentrim Strains T1I.Ao 

l.hpi 

NI. ("1I pc 

Slntlistih #N N4 #N -N +N -N 

EE/AI'A 2 4 7.6 0.1 0.2 2.7 21.4 
,ofTot at 21.6 ) 6(1.5 7.7 8.7G1.11 21.8 

(ultivatei at 28 (7, 170 m. . .j

'Neutral IpIpllh.

Glycollpida monogalarlosy liacylglycerol,
digalactosyldlacylglycer. 

ol phis.ulfolipId.
 
'htaphat Idylelline,

Nltroglt sufficient.
 
rhree day it rtoPgn ,ianaln,
 

DISCUSSION 

EPA Production 

Ifrone is to rate Iliesrainsofp. crIentlm In termsoftheir 
potential to lroduce EPIA, three factors should be primarily considered: tile growth rate under optimal condi
tions, the EI'A content anti the R-valttes at tie expoinen
tlr. and al tilestationary phases. The combination of 
growth rate and EI'A content yields the EPA production
rate. lit an unipuildish ed study, it was shown that under 
optimal growth conditlions both the EPA content anti thegrowth rate are maximal leading to the highest EPA pro

rate. The lI-value at tile exponential phase 
reflects tie extient ofAA "contaninatiol" and the degree
of difficulty in EI'A purification. The lower the R,tite ens

the separation of EPA from AA.The differences in tiecorresponding R-values for the exponential and statitnary plhses i11tile varios strains cotld lie utilized Its an
indicator of EI'A c(onlenL9 iindter other grovth conlditions. 

On the bmss ofthliese data strain 1380-Id wasjudgeI to 
heptite most, promising as far as PA protduction and rel
alive purity are concerned. It hall tie highest content of
E'A (2.41l; ofAF)W)and a low [?-value (0.33) at the exito
hen I ialpihase, whit ch increasetl Ioon ly0.90 in the station
a-v hplise. 

AA Production 

Iligh AA contents were obtained hy inducing ligllt. liiia
lion (lhw lightor high cell oncenIration) and underincreased 	tenteralut re, reducedI liltor increased salinity
(Z. Cohen, A. VoInsliak a1111t. Rihlmon(I, unpublisheI 
ilaia).
The ililensities if these effects was found to he 
iaximal at the stalitInary pihase. Cultivation under low
pI11or high salinity resllteltlhowever in sharp reductions 
illtile total fally acit conleil. 
For large-scale irodictiln of AA in outdoor ponds of 

/Porphiridiun,clltivation at 30 C presents a favorable 
option,as one stage exponenilal cultivation is possible.
Inder tllese condiltions, strain 1380.1 a hall the highest
AA contenlt (1.f5';). Ilowever, cultivation at this temper
atlire olt(hors cioulIhe ptrohibitively exlensive in the
 
winlter. 

f T . , i6 
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I'HIIIfIIINUV)El(ICSAI'ENTAENiiII: ANn AI)A 2IIII)()NIi
ACIIas 

AA enridiii'hn ;ilsi 'uIl Ii "ifivl ly ni riogai sl -irViliiiiI. IinN- slarvvl p ,'i o nhI I|+l'Afit lie 	 illi II esl Ite(ioIIt'llt ofvairiiislliihls iJlii'lais. l:wvih,2Ileal of AAllnc'ea~ses fin
neol li l)ds antl inlplolillidds hn[11l
ot in 
glycolilids. 'his is cnria;ny Ilithe si3iiluiil iflind wlligrowt h Is ret ardeid hy other ilicaris (i.e light,, ellijeral alit,p1l) and where I et(contelit of AA iicreases inall lilds
'I'lie p ract ical iiiit('i ni ft his l 

ACKNOWLEDGMENTS 

I 1i111)' MI byli ilaai ' iltl iahullNaionaihl Colt-seall told DIl)ot 	 lielyitlpmet.
 

REFERENCES 
ii oi i i i is thha at wthu hicreasets 	 w hilel eII A mein Hlvalus ill file nieuitral ipidsresull, in a ltlail ively ljiiii, AA ill 

i.n 
lhise liplds, ilie 1lyculil


hIs ates illlow inAA and cull lie sehiparaled anl ust,dasaa	sii1i('e of a high quality I,;'A. 

'lw 'liivalion if PI.vviowltil ass ;i tsaIui-I-for E'PA ,,l 


AA offersi
tives. severall advntagesh ,(,,h'le alga is ctlt ival d aitia i orllcr algal alIrlil-tmarinae nlvdii!,which is 
especially advatitage us where fiesluwater is Scarce.Moreover, liecultivationoti this Ihigh salinity ineditlmltimiay provhle al eciolhogical niche, thus ailling the inaintt-
1ance of Inlloaltgal ciullir,. Ilairvst is less piroblematic
iecause th e alga have a ti'lieiu r oryf ii loitl i tiilt iowhich couial:! fi 'ailhaaaai-,l liy Illletla (liaaaa( I I ). Alnot her 

ilnmpaortant ftactor i filie assessle'oll (i the leamsibility af
large-scale PI'oi 'ridiua IroIiicl iot is the ipssibilily too )taiti several lordlcs fr ant flie liia,,s. 'Tlheprasciace
of sulfated alysaccharides aand l)hycoiryttrile also
sholuld encoalrag' ,nl.diua. ciltivatiin oflbipndiiyridjnl m.
 

P R 0 C E E D 

Afir, Aa2,A'r., C(liea,,. ,ua.G1:17?24 ((1884)) 
2.2 yar lai, g,.2.,Naiir. 11,-it 44#2I25 (222822).

:. K<inam, l),Ell ahissciier ill C.de L.Coalnnder, Ncua.ng


I MA,.,112.1205 (JIM28).
I 	 1 i, A,11..1,W anol : V. lh,.sstilire, .1 Amer, Oil (lien. %v,

6182 (IIIH1) 

6,Nirlauls,1
7. Wh, tld ItS. Appuliay, I fiheaisfry 819)07 (2969).A ilersu, 2D.11and 1.K. alkir, thalt-h. imiii.lig. Syp. No. 
1.51s:i;II|85).
 

8. la nitr, C., and (.Guliin, liomass 7:225 (1085).
11 Vi2slak,A, lit lihulbak,if tAivrooagl Muss Oallure,edited hy

A lilimmid, (2ICPress, lam'aflaloit, Fl..
1, .laaaas Zl.lin , noerW.&l2(aay, l 6:13Bioysml.lau (2086).II ,a .A, /. 2o+aiai anaA lihhn-i ,ill aS 8;I3(2985). 

I N G S 

HPR 'O
h Col'weNeG
oi 

Biotechnology 
f r the Fats ti-nd Oils 

I"'llh,4
d h
 
1 |Ia,,an', It. Aiaia?,',+ll,' 

aiii.,,.. i. 
"n, 
 R.I. 

flnI,-tll] li, 1INA
 

Ametlcnt Oil1Chemlslst' oclohy 

ndu ,,stri] 



916 
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The red microalga l'orhtlridium cruentmi is a new 
source for eicosapentanoic acid (EPA) and arachidon-
ic acid (AA) fatty acids of potential pharmaceutical 
value. The conditions leading to a high content of 
either fatty acid were investigated. The highest EPA 
content was obtained under con'itions resulting in 
high growth rate (2.4% of ash free dry weight in Strain 
1380-1d). High AA content was ohtained under slow 
growth conditions and was maximal in the stationary 
phase or under nitrogen starvation (2.9%). Strain 
1380-1a had tie highest content (1.9%) of arachidonic 
acid under exponential growth conditions. iy trpes-
ing nitrogen starvation, it was possible to obtain a 
lipid mixture which maybeseparated intoAAandI EPA 
rich fraction,;. 

KEY WORDS: Arachldonic avid, eicflsapentaenoic 
acid. fatty acids. lipids, microalga, I''or'phridiun, 
PUFA. 

lEico aljillal oici(' ;Io'l iI:PA. 21: 5 m: ald aI;l('l oli ('
ac'id (AA. 20li;.I,G) H i;it r I'all-N ac(ids olf lvilnlial 

llhal l'accillitcal ';il(l. I'I'\ wPas stio\'iin hi ta (t,), it.t' iill 

il'.)\ lill ohl fd agLrcg till ( I I told Ito h llis fiil 
for llood chio lestelol rdil ill. tbi s reduciing ti)' risks(if 

alhlicroslerosi.s I2. AA (u,'es as a Intj iaterial for ast log 
hii is l ic uli(d t i( Ior tIns il( GI' 0 . Also.it aglali 
l('tin ol'lill t i II h t of'lnil of lilit '.ll aslt lilt' t' 

sll s(l vii i iit. a ifll rdif A. [ol. oliwil (lalioll) Iu , I h( IoililIt('ii Iri'.l illi experiment 
s 

.ill vaio 	 (tilll'l 

(if artliflial ltl f tlI). A'lli('t 
I'IA is fond in lin Y liiii, f'd('fish oils.ivie lw I'Alii aill(, 

t'llh . \ait bi lit\ illi a ell asr il l .('l ('ii l 
ol her fatltyvacids 4i l. d(,.Sii*,d Iroi'(llllile hai. inlitiated'( 

foimll 

inicrorala( . 'ridiwitalp:, nllflillitiml () 
tat It( fatty cille lgrl taiii ofceI', i isahi l 

sev a'ol stuIel f a lii' il llie pllroduc'it iltf 	 'A ( 

t( Ilie pA)r. e ll ri wt I'. w lsra 'rilis, Oc h' rease r light 
andl ill t ie I l ir Pill T "A ilt' fl';silil ity ( ut r 
Ilatter also( wasi. foundi( Io contllainl EPA. 1). c'rurniumlll \v'as 

alsl l ld(,I s (d al(, ,f.(iir'( fitsiifa !(ly aids( 

w h ic h co u lh li ut iliz e d Fo r i llia lc 'e,( oill ir ,c ii\e ,i'Yfro mlio il 
l('l'l ntU at(, tondiinns Clin .<hI\n flll1'p!(ll1(t I u.n n i ie . r\a y (re 

w lls. It i .lit co n tla ins l h y o(e ryth r hil.- -ii i '(Id l 'or ll h 

lpiginlll uis(,d forl' the iniiii i (l* r(,II.e(,nl dhetctionl oif 

t iiniors (9t). 

(,! . AOCln v/ a/. (S10),noe12e(Delebing;Ls W.I asL rl, ( I I) have shown V
o f c t'u l ll y 

-
depe~ndlent oil (,vili lilmenltal 'oniionsi.. (C,(nlrayt preil'( 

v io tis re lpo rts ( 12 ),it w as ro uln d lth a t h ill lt uiii s.e 'ulti v a'te d, 

th a t the fa il \, ac idI co m p o s()itio n I umll is hig l 

atl oimiial Ictlnliralilr(e ;li( ndn r( noin-lilmiling, liglht 

ma.s product ion oP.l cruenti in has already liven st td(ied 
(13,14). Recently, we have shown that. en\vironIlla 
conditions could Iw,-manipulated outdoors so as tf, 
produce high lcvels of either EIPA if AA from Porph'iqji. 
intI (15). 

The occurrence of relatively high levels of AA in P. 
cru'ot on is disadvantageous because the properties oI 
AA are antagonistic to that of E'PA with re.spect to 
lowering bl(oI cholesterol levels (2). In order to hie'o 01 t, 
a useful source, growth co(litions and strains of the 
algae jirodiiciog highr(i'roi(Otiratiioisoff AofAAnut.S 
Ihe si ri'tlY detrmined. In tIhis work, we st udied various 
strains of P. ('rue'ntum a.s pint ial sotrces of- PA and 
AA. Also. environmental and nutritionial conditionls 
which OiIay yield IllaxiIIIIO pro(ductiv'ity oteach of thls' 
fatity acids were elticidated. 

MATERIALS AND METHODS 

Growth l. 	 1380i la-f anit/," (c'lls, 'rtntum strains 
IlI 1:1.) w(,re o llline(d from tIhe (i ilngcn Algal Culture 

Illcl t(.n, Maintei n nelil o st(i('k tiltilres anl(1 ill(ctlla
iplvlaialioln \\(,rv pi). rili'd ;u cording to Voli.hak(1(6). 

('ltlclls, we'gro %(l .lonin.'i t i ( 17) i glass tuhes 
illl'tt i l('( ill a tl 'ii' al I'' regll;lt('( \wllt'i lialth, illuim i

liald itilh touroll -liie fIlioire 'ils lanIlls providing 

17(0pEl 'I 2 '; iat Ito, side oftllh \ atIh. 'Ilit c'ultures 
weie mixed by I igl liil a air (')2 Illixillr' (99:1) 

i lll t'lii w k a ah
I liig(l i 1. 1' l iles a ttil lotf 

I 'tlit ilol lha.seii(ir lrl Inailll 

ill ( 18).lit pis, '.' and' (' lldei ill -1 
ill'atts 'I'X o l len[1 

i it I siul 

ioilrog r ( i, ierlnldilin. I(.' ivulturslu w svrk'l't for all 
a(lliillll Ihi'(yl (1;1. U*ivsc Iliva. llil( ighl tilld( It, llperai

lA (hIlllle l 

wlell' Inaiilahil bhlorrflht latand ili(ilal 

leasthltl' vs I lh(' trief l' lli" 

ill oli dlit itions'lll jar,s . rownr t 1Xoll.ilii

t'(illolII "i'(ls 	 n. of'.'t'r exl i 

1ll(n tillll :Y)tlif 	 ' 
utipi i ' sa 

ll 
h111 e l ,(slir'rtlilio '(l( ' dri'dl lt i pl ls of -ll' 

were' extraicted( w\ith 	 acco~i~rnlllhiii.,dillgl l 
I , i l 

Illigh and(D v\e(r ( 18Ig). .ilpids \\(r'seplaratled( l o 20
1 

X , 20O( Ili gla s s l a tes', co a led w ithi s ilic a g e ,I-60~ (N t r(l: 
ai)lih ' 1' lip ,) a w h fid- l ainig t'lalt IIlll'll' l'r' llhl

O n I'i ll i t d l, (G(i ll iin). C]h r () o raia h y v l'lis ( ,1arie (d()lii 

i lig~hl-Irolc'ld jar.s undehr ;iin Ar- almoinl C(er. L'il)i"l 

we're, ehtild w\ith h' loloirilll aCi ll 1/ii'i'letll ola(ci 

l l i 
ac\aler E ( 10:4:2:2:1 ) as sol9)Ti
Tih e c ( (ml p o n ell,rts \v(r cv is lializ ced I)v a Ib ivr c pO	s urel I ;I . 

d 
v'apors. The, na ! n W,''scralpeweldc .,.,l. of 

i nill ,(I i l (el v Irv a l ld willh a li eiii~qa ll / a c t'yl clll1o r.il ell 

lii l o~iii s dem'h'-ril d.(hby (C(liinvl (1/. (20). Po'" lilal.1lc'd 
(,hl i-.,formicond~itions, E PAl vA\\il lh(- ila illpoly iunsatu r lra all tyl\ac l Id -puipss. the handsl wv rel( e, lixtral %il 


(I11JFA ). Whenl g l'ow\ h w asl s low ed lhy dhcreased light m aii(ola~ c( hld ,nlily aind(IM rily oft Ile.' 4 ,
l (91~), anili l 

intensity, incrvasd cvll concentration, IIIII-optlhial we'(re, d(lttv'l hi ll y c'il pa ri. ,n witlish slidar'd Ilii. i . 
lll itii(I ly hi l'CN" .',liOl ilili i11101n p(r~ili(,% r iihlly Ih, 'oil(li of three differe(nt .solventll , \' 

i l -
IgPAd~ct, i. li((liilyI h hvclofA i ('r~i,(,d coilor rec t(lins, i.e., ai im lil for glv o Ii Is andI Illo?iiilll ,d,. 

,' nd hbe c a l , I lv n i lr P1IiF A . T h el( fe ,as ih ili iy o f o u t d o olr d a t el( fo r l h o i ,sl h llip ih ls ( I f) ). Th e n e iii r i Ids f r,. il,,n ' I 
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TABLE 1 

ytty Acid Composition of P. crentum Strains Grown at 25C 

Fatty arid composition 
(%of total ratty acids) 

Fatty acid content 
Ct of AFDW) 

Strain Growth 
phase 

U" 
(d) 

16:) 16:1 18:0 18:1 18:2 
W6 

18:3 
w6 

20:2 
w6 

20:3 
w6 

20:4 
OJ6 

20:5 
(03 

TFA5 AA EPA R, 

1380-10 E-1 
S. 

1.10 :318 
30.8 

3.A 
2.1 

0.2 
0.6 

0.5 
1.1 

5.9 
9.0 

0.1 
-

0.0 
1.4 

1.0 
1.5 

22.2 
31.5 

35A 
19.3 

5.3 
5.8 

0.8 
1.9 

1.9 
1.1 

0.63 
1.7 

1380-1) i-
S 

1.13 30. 
32.4 

3.0 
2. 

0.3 
0.5 

0.4 
1.2 

5.2 
7! 

0.7 
0.3 

0.8 
0.8 

0.5 
2.0 

15.2 
219.2 

4:1.5 
23.2 

5.5 
5.4 

0.9 
1.6 

2.1 
1.2 

0.43 
1.3 

1380-1c E 
S 

1.13 32.0 
33.1 

:1.2 
2.3 

0A 
0.8 

0.4 
1.2 

F 7 
7.0 

0.7 
0.2 

0.5 
0.7 

0.5 
2.2 

16.9 
2:1.8 

39.5 
27.8 

5.4 
5.4 

0.9 
1.3 

2.1 
1.5 

0.43 
0.86 

1380.ld E 
S 

1.15 3(0.6 
32.1 

3.5 
2.1 

0.1 
0.5 

0.3 
1.6 

4.9 
7.9 

0.6 
0.2 

(3.0 
1.0 

0.,A 
2.5 

1'1.7 
2,1.7 

'14.1 
27.4 

5.5 
5.1 

0.8 
1.2 

2.4 
1.4 

0.33 
t3.90 

13801e E 
S 

1:3) 2933 
29.7 

2.9 
1.8 

0.1 
0.7 

0.3 
2.3 

6.9 
I 1.4 

1.2 
0.6 

0.7 
0.7 

0.7 
2.9 

18.4 
33.5 

30 
16.3 

5.3 
5.7 

1.0 
1.9 

2.1 
0.9 

0.47 
2.1 

1380-If 

113.80 

E 
S 
E .. 

1.10 

.08 

297 
31.0 
28.6 

2.9 
2.3 
2.9 

0.1 
0.5 
0.2 

0.7 
1.1 
0.2 

6.2 
9.2 
6.,I 

1.0 
0.A 
0.6 

0.7 
(.7 
0.5 

0.0 
2.3 
0.6 

17.8 
33.A 
17.9 

40.1 
18.1 
4 1.6 

5.2 
5.1 
4.4 

0.9 
1.7 
0.8 

2.1 
0.9 
L., 

0.44 
1.8 
0.43 

S :13:1 1A 0. 1.3 9.0 0. 0.7 1.7 27.: 25.1 5.1 1.4 1.3 1.1 
-Growth rate. 
bWeight pIrrccnt of AFIIW 
,R = AA/EI'A.
dE = exponential phas, .1-5 mg chlI 
'S = stationary i)tm ,, 27-:0 n, chl .I 

TABLE 2 

Fatty Acid Compositions of I cruentum Strains Grown at 30"C 

Fat liyaci compost ion 
(, of total fatty acids) 

Fatty acid content 
( of AFDW) 

Strain GrovthI,, I:33 16:1 183 18:1 18:2 18:3 20:2 20:: 20:1 20:5 TFA4 AA EVA It 
phase (dl1) 1u6 o,0 . 6 w6 .6 W3 

1:80-1a 

138. It 

E"-

F 
S 

. 0.67 

0.79 

34.1 
32.1 
36.1 
31.8 

1.1 
0.6 
1.5 
1.9 

0.9 
0.5 
0.6 
1.0 

1.0 
2.7 
0.7 
0.5 

11.5 
15.1 
5.6 
1.0 

0.5 
0.1 
-

0.2 

0.8 
1.1 
(.8 
1.9 

2.4 
1.4 
0.9 
1.5 

40.3 
35.0 
:39.3 
41.7 

6.6 
9.5 

14,.2 
6.5 

4.8 
0.2 
:3.8 
4.7 

2.0 
2.2 
1.5 
2.0 

0.3 
0.6 
0.5 
0.3 

6.1 
3.7 
2.8 
6.4 

380-I c E 
S 

0.80 35.2 
1,33.5 

1.5 
1.6 

0.7 
0.5 

0.9 
1.0 

7.1 
6.0 

0.1 
0.1 

1.0 
1.1 

0.9 
1.2 

40.5 
37.1 

11.9 
15.9 

4.4 
5.4 

1.8 
2.0 

0.5 
0.8 

3.4 
2.3 

1380. Id E 
S 

0.70 :3:3.0 
:11.5 

1.8 
0.5 

0.6 
.06 

0.8 
33 

8.8 
13.2 

0.3 
0.A 

1.4 
1.4 

1.2 
2.0 

32 b 
38.1 

19.0 
8.6 

5.4 
4.7 

1.8 
1.8 

1.0 
0.4 

1.7 
4.5 

1380-!c 

1380- I f 

113.80 

E 
S 
E 
S 
E 

0.76 

0.49 

0.62 

34.2 
33.4 
35.6 
32.0 
32.5 

1.5 
0.5 
1.4 
0.6 
0.7 

0.6 
0.6 
0.5 
0.0 
0.7 

1.2 
3.9 
0.8 
2.8 
2.7 

5.9 
15.3 
6.7 
13.0 
14.1 

-
0.8 
0.1 
0.7 
0.4 

1.1 
0.6 
0.8 
1.2 
0.9 

1.0 
3.1 
0.9 
3.0 
1.6 

41.1 
37.7 
41.4 
40.0 
38.7 

12.9 
4.0 

12.4 
5.1 
7.4 

4.3 
6.5 
4.5 
5.5 
4.2 

1.8 
2.5 
1.9 
2.2 
1.6 

0.6 
0.3 
0.6 
0.3 
0.3 

3.2 
0.4 
3.3 
7.8 
6.2 

S 30.9 0.5 1.5 7.7 18.4 0.3 1.0 3.3 32.3 2.8 7.7 2.5 0.2 11.5 

'Growth rate. 
Weight percent of AFI)W. 

"R=AA/EI'A. 
IE= exponential phase, 4-5 mg chl 1'. 
'S = statIonnry phase, 27-30 mg chl i. 

:onsisted of all the componenls of Rf values higher then anol/acetyl chloride (95:5) as previously described (20).).9 and contained tri-, di- and monoglycerides, free fatty ileptadecanoic acid was added as an Internal standardicids, and pigments, and the mixture was sealed In a light-protected Teflon-
Lipid transmelhylation.Freeze-dried samples of Poi- lined vial under an Ar atmosphere and heated to 80" for

rhyridium (100 mg) were treated with 2 mL of meth- I hr. The vial contents were then cooled, diluted with 

"I,: C O PYJA., - 0 OCS,Vol. 67, no. 12 (D ecem ber W99() 



918 

ZVI COHEN 

1.9% and 2.4% (lable 1). In the exponential1 mL water and extracted with 1 mL of hexane contain-	 hetween 
phase the range of R (AA/EPA) values was 0.33-0.63. ing 0.01% buylated hydroxytoluene (13l1T). The hexane 

layer was dried over Na 2SO4, evaporated to dryness andl However, R increased to 0.86-2.1 at the stationary Phase 
as AA increased, and in mr,st strains became the leading

redissolved in hexane. 
Fatty acid analysis. Gas chromatograplhic analysis I'UFA, while the lev, of EPA decreased drastically. At 

fused silica capillary 30"C,when exponetially cultivated under the same light
was performed with 	 a SP-2230 
column (30 in X 0." imn) at 200'C (injector and flanme 	 intensity anti cell concentration, most strains had more 

than 39% of their fatty acids as AA and, except for one
ionizaiotn detector templeratures 230'C, split ration 
1:100). The results were formulated with an lP 3390A strain, only 6.6-14.2%as EPA ('rahle 2). In most cases the 

fatty acid content was the highest at thestationary plhase
integrator. Fatty acid methyl ester were identified hy co-

at 30'C. In strain 113.80, the fatty acid content iia.criajsedchromatography with authentic standar6s (Sigma 
Chemical Co., St. Louis, MO) and hy gas chromatography- from 4.2% in the exponential phase to 7.7% (AFDW) in the 

mass spectrometry (GC-MS). GC-MS analyses were per-	 stationary phase, resulting in an AA content of 2.5%. The 

formed with a Finnigan 500 mass spectrometer (Finnigan 	 Rvales at thestationary phase were also rather high,the 
maximum value observed being 11.5 in strain 113.80.Corp., Sunnyvale, CA) 	equipped with a carhowax capil-

lary coluin (30 in X 0.25 mi). Chemical ionization When exponentia!ly cultivated (28"C) P. cmrentaoi 

spectra were ohtained at 250 ev with isolhutane as the cultures were transferred to a nitrogen free medium, a 
gradual change in the fatty acid content and compositionreactant gas. The qoa ntit\,of the fatty acid:, was deter-
was observed (tahle 3). The fatty acid content increasedmined hy comparing their peak areas with that of the 
to 8.81; (AFI)W) after four days. The changes in fattyacidinternal standard. The data shown are mean values ofat 

least two in depend ent Aamles, each analyz.ed in composition resemhled those ohserved atthe stationary 
phase, however, the effect Vws more pronounced. Theduplicate. 
content of AA increased to 2.911and that (if EPA 
(,creasel to 0.9",. 

major effect ofthe nitrogen starvation (in the lipids 

A comparison fifI he seven test ed strains of P. (-iitetieo tif 1.ci-it-t\was an increase in neutral lipids from 20.6% 

showed that under opt imal growth conditions at 25°C, in the imtrol culture to 61.0% in the N-starved culture, 
rates (ca. 1.1 (1i). withaconcurrent decrease in tlie glycolipids.Ti2 percent 

STThe 


the strains exhihintd siinlar growth 
Und'r t iese c((iit ios, EI'A was Itiemaji fattyacid. All of iiotUoigalactosyhldiglyc'ri(lie (MGI)G) and digalact xyl

hut one strain had more than 39",-of their fatty acids as diglyceride (I)GI)G) decreased from 36.51; (% of total 

EIPA and i v 11.7-17.9",ofAA. ThIe highest Iproportiin of lipids)and 17.7",,resl)ectivelt,loca.8.5', each, an(thatof 

EPA was found in strains 1180-1ht and ld, which cm- sulfoquiniivosyl diglyceride (SQ) from 12.4% to 4.7% The 
fatty acids 18:0, 18:2, 2t0:3 and AA increased while EPAand 4,.1 

It'ry weight hasis (AFI\V) the E'PA content ranged decreased. An increase in AA wis noted in the neutrallained -1.3.5", 	 ,ElA, ri'spe tiiely. On an ash free 

TAIILE 3 

Effect ni Nitrogen Starvation on the Fall) Aclit Compos'.ion In P. cruenwrn' 

Iilid fraction 

rally Total NI. M(;Ir;' );6', ,GQ" 'C' 
ar'id lipids 

-N
-N, -Nh 'N -N 4N -N 4N -N 4N -N 4N 

46.1 55.2 6(6.6 28.7 	 15.416:0 ;.1.8' 2..A 25.7 233 :3.5 37- .10.1 
7.1 6.9 0.7 -	 - 

2.9 	 1.6 t.t I..t - I.A 

0,5 nJ; :1.6 
16 

18:1 1.2 2.1 I 1.1 511 5.6 5.: 1.9 	 5.9 1.7 

7.4 1.2 4.0 2.2 	 5.2 1. 2.1?18:1 0.8 2.6 3.5 5.2 i. 
7.1 2.9 7.9 3.9 	 6.318:2 10.6 21.3 16.5 27.4 I 1.1 26.8 4.3 

6.92t0:3 1.7 1.2 2,4 2.9 0.7 1.2 - - -	 

4.5 3.3 5.A ,t.2 3.4 1.6 46.3 61.2 

2ii:5 28.7 101.2 8 4.1 43.2 16.9 :15.0 26A 29.4 8.6 17.4 2.9 
20:4 20.7 30i.119.9 :11.7 

IV i.7 3.01 2.- 7.6 0.1 (0.2 0.2 0.2 ().1 1.2 2.7 21.4 

oifitall 20.; 61.0 :16.5 8.5 17.7 8.6 12.4 .1.7 7.7 8.7 

,"Strain 113.80, cultivaied af 28C.17(0 pE ris 1.
 
',Neitral lipids.

,Miinogalart sylinoiglyceride.
 
,f)igala('to.%.ylcliglyc'v 
rich'.
 
sutIlr( il iiiivosyhiliglye'ri('. 
.q'tosphatidyeliihtie.
 
,Nii rogen sufficient.
 
'riree days ilt in.
ragen starvat 
't'ercent of totalfattyacids. PEST AVAILABLE COPY 

-t = AA/E'A. 
oftecalfaty ncids.Fracliun 'k; 
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lipids and mainly in Phos) hatilyleholine (from 46..31"; to
61.0%), but not in MGI)G 

increase of AA in tihe lipids of P urientiin under theseand DGI)G, where a small conditions, especially in the neutral lipids, is thus notable.decrease was Observed. Under nitrogen starvation, the content ofAA increases inIneutral lipids and in pihospholipids but not in the glycolip-
DISCUSSION ids. This is contrary to the sit uation found when growth isretarded by other means (i.e., light, temperature, 1)p1)inInorder for P. ci'lertuntc to be used as a source for either which case the content of AA increases in all lilids (101).fatty acid, it inust.produce then as free ,as possible fromother sinilar C-20 PUFA. Ii this case, AA and E'A are tile 

h'liepractical outcome of this )henoimenon is that while
lhe increases in It values in the neutral lipiids and inniain two PUFAs in the organisn. Although 18:2 is also ph ospluhatidyleholine result in relatively pire AA, thepresent, its removal is relh,'ively easy. glycolipids reinain lov in AA andiiTile fatty aci( co nliSils can be separated andn of P. (rrcehni %vasfound to used as a siouiree (if El'A of high purity. Ildeed, by classbe ctosely related to its growth rate. Cultures cultivated separation of lipids, the combined fraction containingunl(ler olptiimal conlitions resulting in high grimth rated neutral and phosplholipids was rich in AA (33.0);) andwere high in EI'PA but low in AA. The opposite was true had a high I?%'alle(7.)).
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Lives. The alga isand as a result ille(' contents of AA and 

dllivate' ion asnlariiie tieiciun which ish 18:2 increased especially adva llageo(Is(10). wheie freshwater is scarce. 
EPA pIrodurlion. If One is to 
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ABSTRACT itor of carotenoid biosynthesis and Chl accumulation. Its 
The herbicide Nortlurazone was shown to be an inhibitor of inhibitory activity on A15 desaturation is low, relative to 

fatty acid of the A6 desaturation system. Treating cultures of the other members of its group (12). 
mlcroalgae Splrullna platensis or Monodus subterraneus with this In this woik, we suggest that Norflurazone is capable of yet
herbicide brought about a reduction Inthe level of "-Ilnolenic acid another mode of action, namely, the inhibition of A6 desat
and In an Increase In the level of linoleic acid. In Monodus, the uration. To the best of our knowledge, this effect has not yet
increase In linoleic acid made itmore available for w3 desatura- been reported. The rarity of GLA and AA, which are the
tion, resulting inan increase Inthe proportion of elcosapentaenoic eventual products of the ,s6 desaturation in algae, could be
acid. The proportion of araciildonic acid did not oecrease albeit the reason for overlooking this effect. 
the drastic decrease in Its prei;ursor -1tinolenic acid. 

MATERIALS AND METHODS 

Algal strains were obtained from the University of Texas 
culture collection. Spiru/ina platensis strain 2340 was grown 

The interest in fatty acids of the w6 family derives from the on Zarrouk's medium at 30"C as previously described (I). 
fact that they are precursors for prostaglandins, thrombox- Monodus stuhterranetir was cultivated on BG-I I medium at 
anes, and leukotrienes (5). GLA' (I 8:3w6) was also shown to 25C. A solution of Norflurazone in DM0 was added to 
alleviate the symptoms of the premenstrual syndrome (6). exponentially growing cultures. The final concentration of 
Various plant species contain high levels o' fatty acids of this DMSO did not exceed 1%. The biomass was harvested after 
group. Thus, GLA is found in evening primrose (14), black 4 d, freeze dried, and transmethylated with methanol-acetyl 
currant (13), and in a few cyanobacteria, e.g. Spirlina (8). chloride and the fatty acid composition was analyzed by gas 
AA (20:4 w6) is found as a major fatty acid component in a chromatography (10). The data shown are mean values of at 
few algal species, e.g. Porph*riiuor and Ochromonas (9). Our least two independent samples, analyzed in duplicate. 
interest in polyunsaturated fatty acids production by microal
gae prompted us to search for potential fatty acid desaturase RESULTS AND DISCUSSION 
inhibitors. Norflurazone reduced markedly the growth of Spir/lina

Several substituted pyridazinones were shown to be potent platensisand Alonodos s/tbterraneus and had a notable inhib
herbicides (4). They were grouped by St. John e al. (12) itory effect on pigment accumulation (data not shown) -ad 
accordirg to their structural characteristics and activities in total fatty acid content. In the presence of 15p, t Norflura. .,te
inhibiting growth, Hill reaction, chloropiast ribosome forma- inS.platensis cultures, the toial fatty acid content was reduced 
tion, and the formation of linolenic acid (18:33) via inhibi- from 3.5% (of dry weight) to 1.6%. Furthermore, the profile
lion of the A15 desaturation of linolenic acid (I 8:2wi6). Some of tte fatty acids changed markedly, resulting in a decrease or 
of these herbicides were also shown to inhibit carotene bio- 18:3w6 from 21.7% (percent of total faity acids) to 12.7% 
synthesis and Clil accumulation (3). The pyridazinone San (Table I) and in an increase of 18:2w6 from 23.0% to 25.7%. 
9785 is the most effective inhibitor of A15 desaturation and The levels of 18:0 and 18:1 w9 too incre.sed from 1.6% to 
its effect on reduction of 18:3w3 levels in the glycolipids of 4.7% and 0.80% to 2.5%, respectively. The reduction in 
higher plants and algae was widely studied (7). The pyridazi- I8 :3w6 was even more evident at higher herbicide concentra
none Norflurazone was shown to be the most effective inhib- tions (Table 1).The 18:2/18:3 ratio rose from 1.06 to 3.05 in 

' Suppo',ed i part by a grant from the I.S. Agency for Interna- the presence of 150 pI Norflurazone. A possible explanation
tional D:velopment (DE-5544-G-SS-7012.00 and DPE-5544-G-SS- for the decrease in 18:3w6 and the accumulation of its pre
807.00). cursors may be that Norflurazone inhibits the A6 desaturation 

2Abbreviations: GLA, -)-linolenic acid; x:y. fatty acyl group cen- of 18:2w,6. However, since Norflurazone was shown to have
taining x carbons with y double bonds; AA, arachidonic acid. sonic inhibitory activity on w3 desaturation (12), its specificity 

347
 

REST AVAILABLE COPY 

http:DE-5544-G-SS-7012.00


348 COHEN AND HEIMER Plant Physiol. Vol. 93, 1990 

for the A6 desaturase enzyme was further studied on the 
microalga A. suhterranets. In this alga, further desaturation 
or I 8:2w,6 is conducted either by the A6 desaturase or A I5 
(3) desaturase enzyme systems resulting in I8:3w6 or 18:3w3, 
respectively, ultimately leading to 20:4c.,6 and 20:53 (Fig. I ). 
At. subterraneus cultures were treated with concentrations of
the herbicide ranging from 3 to 150 psi (Table 11). At 3 pM, 
the level of 18:3w6 decreased significantly from 1.5 to 0. 15%, 
while that of 18:2w6 increased from 2.0 to 2.9%, resulting in 
an increase of the 18:2/18:3 ratio from 1.4 to 19.5. The level 
of 20:5w3 rose from 31.4 to 35.4% and that of 16:0 decreased 
from 24.4 to 20.0%. At the highest Norflurazone concentra-
tion tested, 20:53 reached levels as high as 39.7%. 

The inhibition of A6-desaturation, which is manifested in 
2 wo 

evident. However, one would expect the level of 20:4 w6, 
which isthe ultimate product ofthe w.6 pathway, to be reduced 
as well. Yet, its level slightly increased. This discrepancy needs 
further clarification. Phospholipids are important membrane 
constituents and are necessary for its integrity. It may be 
suggested that 20:4 w 6 fulfills an important role in this respect 
which may be crucial for the survival of the organism. Indeed, 
in At. sudterraneusas well as in Ochrononas danica 20:4 W6 

the increase of 18: 6 and the decrease or 18:3w6, is quite 

Table I. Effect of Norflurazone on the Fatty Acid Composition in 

Spiru/ina 


Cultures of Spirulina (strain 2340) were cultivated at 30C as
previously described (1).A solution of Norflurazone in DMSO was 
added to exponentially growing cultures to a final concentration of 
1%DMSO. The filaments were harvested after 4 d, freeze dried, and
transmethylated with methanol.acetyl chloride and the fatty acid 
composition was analyzed by GC (12). The data shown are mean
value of at least two independent samples, analyzed induplicate. 

Faltv Acia zomposition 
Fatly Acid Norfluorazone concentration (pm) 

0 3 is iso 
% 

14:0 0.9 1.7 1.4 2.1 
16:0 44.8 41.6 45.3 45.5 
16:1 6.6 7.6 5.1 3.4 
16:3,4 0.4 0.5 0.2 0.4 
16:4t1 0.3 0.2 0.2 0.2 
18:0 0.7 1.8 2.2 2.5 
18:1.9 1.6 1.9 2.4 6.3 
18:17 0.2 4.3 4.7 4.1
18:2w6 22.9 24.1 25.7 26.8 
18:3wo6 21.7 16.3 12.7 8.8 
TFAI 3.5 1.2 1,6 1.7 

Total fatty acid,% of dry weight. 

1.3 - 203.3 -,-m 43 -b- 20,5,, 

16.- -i-219d2t ...L. IIkA6-. 20,. -X4,, 

Figure 1. Scheme of major pathways of fatty acid biosynthesis InM. 
sub'srraneus. 

Table II.Effect of Norflurazone on the Fatty Acid Composillon In M. 
subterraneus 

M. subterraneus cells were grown on BG-11 medium at 250 C.For 
inhibitor Introduction and fatty acid analysis, see legend of Table I. 

Fatty Acid Composition 

Fatty acid Norflurazone concentration (M) 
o(0.821) 3 (0.17) 150o0) 

% 
14:0 2.1 1.8 2.3 
16:0 24.4 20.0 19.8 
16:1 w7 21.6 19.0 17.2 
16:1tw13 0.5 0.6 0.9 
16:2w6 04 0.5 0.4 
16:3w4 0.3 0.5 0.616:31 0.2 0.2 0.3 
18:0 0.8 1.4 1.1 
18:1w9 7.0 6.8 6.1 
18:1 w7 0.7 0.8 1.3 
18:2w6 2.0 2.9 2.7 
,d:3w,6 1.5 0.2 0.1 
18:3w3 0.4 0.4 0.4
18:4 0.3 0.4 0.520:0 0.2 0.1 0.1 
20:2&6 t 0.1 0.1 
20:3.6 0.6 0.2 0.1 
20: 4w6 5.6 6.4 6.4 
20:5w3 31.4 35.4 39.7
TFA 11.4 6.5 5.8 

Value in parentheses is specific growth rate (d-). Trace 
amount. cTotal fatty acid, 0,1of dry weiqht. 

is localized in phospholipids, mainly in phosphatidyl etha

nolamine while in P. cruentitm it is mainly found in phos
phatidyl choline (9). Furthermore, Cohen e al. (I) have 
recently shown that in . crtuewnltt, when growth rate was
slowed down the level of 20:4w6 increased significantly. Thus, 
in Al. subierrarteus, when the availability of its precursor 
18:3w6 is limited due to the inhibition of -A6-desaturationand 
at the same time the total fatty acid content is reduced there 
is still a demand for 20:4w6 production. This demand may
be answered by an increase in the fatty acid influx 16:0 toward 
18:2w6. As a result, the level of 20.4w6 is maintained or even 
slightly increased. Moreover, if Norflurazone inhibits the A6 
desaturation of 18:2w6, then more of it will be available for 
A1 desaturation, resulting in an increased production of 

18:3w3 that is subsequently converted to 20:503, which is 
indeed the case (Table If). The increased level of 20:53 does 
not necessitate an increase in the steady-state level of 18 :33. 
Its level is low even under normal conditions when the level 
of 20:5w3 is already high. This may suggest a rapid turnover 
of 18:33. 

It was shown that there are two sites for w3 desaturation of 
18:2w6, one which affects galactolipids while the other affects
phospholipids (1I). San 9785 inhibits only the desaturation 

step associated with galactolipids. There may also exist two 
distinct A6 desaturation mechanisms only one of which is 
associated with galactolipids and isinhibited by Norflurazone. 
The noninhibited A6 desaturation pathway may be responsi
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Preparation of Eicosapentaenoic Acid (EPA) Concentrate 
from Porphyridium cruenturn 
Zvi Cohen' and Simon Cohen 
1he Laboratory for MIcroalgal Biotechnology, Jacob Blausleln Instilule for Desert Research. Ben-Gurlon University of the Negev, 
Sede-Boker Campus 84990. Israel 

The polyu snturnted fatt3y acid eicosnpentnennic acil 
(EPA) tins attracted increased attention due to its phar
inceutical properties. 'fire main source is marine fish 
oil which contains approximately 15% EPA. However, 
pharmaceutical applications of EPA will probably re-
quire higher concentrations, perhaps as high as 90%. 
The red microalga Porphyridiurncrucntum is a poten-
tint source, because its EPA content npproeches 44.1% 
of the total fatty acids. Three methods were attempted 
for EPA concentration and araehidonic acid (AA) re-
moval from the oil of this alga. Separation of the gly-
colipids, formation of a urea inclusion complex and 
reverse phase chromatography on C-18 Sep-Pak filters 
resulted in an EPA concentrate of 97% purity. Similar 
methods resulted in an AA concentrate of 80% purity. 

KEY WORDS: AA, olgal oil, EPA. I'orphyriditim,PUFA purifi-
cation. 

Tihe polyunsaturated fatty acids eicosapentaenoic acid 
(EPA' and arachidonic acid (AA) have attracted in-
creased attention in recent years. EPA was shown to 
reduce blood pressure in rats (1,2) as well as in humans 
(3,4). It has been suggested that EPA competitively 
inhibits the conversion of n-6 fatty acid precursors to 
AA, suppresses the production of eicosanoids of the 2 
series (5) and increases the formation of eicosanoids of 
tile 3 series, some of which nre hypotensive (6). EPA 
was also found to reduce blood cholesterol levels (7). 
AA serves as a starting material for a biosynthetic 
production of jrrostaglandin PGE 2. Also, being a com-
ponent of human mother's milk, it is of potential value 
as an ingredient in various formulations of artificial 
baby food. 

The main source of E PA is marine fish oil which 
contains approxiimsately 15% EPA. However, it con-
uins also significant amounts of cholesterol. Daily 
ciisumption of marine fish oil eventually results in 
an increased cholesterol uptake which could be coun-
terproductive for reducing blood lipid level. Pharma-
ceutict:l appications of EPA will probably require prepa-
rations of considerably higher EPA concentrations. 
An n-3 fatty acid concentrate was made from cod liver 
oil by urea inclusion (8). Although the product con. 
tained 85% n-3 fatty acids, only 28% consisted of EPA. 

The red microalga Porphyridium cruentum is a 
potential source for the pharmaceutically valuable fatty 
acids EPA and AA (9). In previous studies we eluci-
dated the environmental conditions leading to high 
contents of either EPA or AA (9-11). In this paper, 
inethods are described for the fractionation of P. cru-
entum oil resulting in EPA and AA concentrates, 

*To whom correspondence should be addrtesed. 

MATERIALS AND METHODS 

Growth of cells: P. cruentitrz strain 1380.1d was ob. 
tained from the Gbettingen Algal Culture collection 
(G6ettingen, Germany). Cultures were grown on Jones' 
medium (12) in glass tubes that were incubated in a 
temperature-reguinted water bath and illuminated with 
four cool-white fluorescent lamps providing 170 

at tile side of the water bath. The cultures 
were mixed by bubbling an air - CO 2 mixture (99:1) 
through a sintered glass tube placed at the bottom of 

eactr tube. 
Lipids fractionation. Freeze-dried samples of bia

mass were extracted with chloroform-methanol-water 

IiEin-20s-I 

(2:1:0.8) according to Bligh-Dyer (13). Separation into 
neutral lipid, glycolipid (GL) and phospholipid classes 
was achieved on a silica gel column. The individual 
classes were successively eluted with chloroform, ace
tone and methanol, respectively. 

Lipid franstnethylation. The GL fraction (0.65 g) 
was treated with 13 ml, of methanol-acetyl chloride 
(95:5) at 0°C. The mixture was sealed in a light
protected Teflon-lined vial under an Argon atmosphere 
and heated to 80'C for 1 hr. The vial contents were 
then cooled, diluted with 5 mL water and extracted 
with 5 mL, of hexane containing 0.01% butylated hy
droxytoluene. The hexane layer was dried over Na2SO, 
evaporated to dryness and redissolved in hexane. 

Fatty acid analysis. Gas chromatographic analysis 
was performed with a Supelcowax 10 fused silica capil
lary column (30 m X 0.32 mm) at 200'C (injector and 
flame ionization detector temperatures 230°C, split 
ratio 1:100). The results were formulated witlI an 11P 
3390A integrator. For quantitative analyses, 17:0 
methyl ester was added as an internal standard. Fatty 
acid methyl esters were identified by co-chromatogra
phy with authentic standards (Sigma, St. Louis, MO) 
and by gas chromatography-mass spectrometry (GC-
MS). GC-MS analyses were performed with a Finnigan 
500 mass spectrometer equipped with a carbowax cap
illary column (30 ir X 0.25 mm). Chemical ionization 
spectra were obtained at 250 ev with isobutane as the 
reactant gas. The data shown are mean values of at 
least two independent samples, each analyzed in dupli
cate. 

Fractionation with urea. One gram of fatty acid 
methyl esters (FAME) was dissolved in 10 mL metha
aol containing 4 gram urea (E. Merck, Darmstadt, Ger
many) by heating the mixture to 650C until clear. The 
urea and tire urea inclusion complexes were allowed to 
crystallize at room temperature and then were refriger
ated overnight at 4C and then at -15C. The mother 
liquor was separated by vacuum filtration and was 

extracted with 3 mL methylene chloride after addition 
of 6 mL water and 3 mL concentrated hydrochloric 
acid. The lower phase was separated and the aqueous 

JAOCS. Vol. 68, no. 1(January 1991) 
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layer was reextracted with methylene chloride. The 

were evaporated to dryness and 
combined extracts 
dissolved in methanol. 

Reverse phase chromatography. C-18 Sep pak fil-

MA) were precondi-ters (Waters Associates, Milford, 
tioned with 5 mL each of acetonitrile, water and 25% 

1 mg of the FAMEacetonitrile-water. A solution of 
the filtermixture in 100 pL methanol was loaded onto 

mL vol ofand eluted by washing the column with 10 
mixtures of increasing acetonitrileacetonitrile-water 

a flow rate of approxi-concentrations (58%-100%), at 
mately 5 mL/min. Ileptadecanoic acid methyl ester 

_is added as an internal standard. Subsequently, each 

fraction was extracted twice with methylene chloride 

and water. The combined organic phases were evapo-

rated to dryness, reconstituted in hexane and analyzed 

by GC. 

DISCUSSIONR SANDRESULTS A6.6% 
. crueo-A preliminary evaluation of several strains of 

was the most prom-turn indicated that strain 1380.1d 
ising EPA producer (11). It had the highest content of 

EPA, i.e., 2.4% of ash-free dry weight. This strain had 

also a relatively low AA content. The AA to EPA ratio 

(R)reflects the degree of difficulty in the purification 

of EPA. The lower the Itvalue, the easier the separa-

tion from AA. 
In previous studies we have demonstrated that 

it is possibleby environmental and nutritional control 
to either increase or decrease the EPA and AA content 
and thus the R value (9,10). Under optimal growth 

conditions EPA was found to be the major fatty acid, 

while under reduced growth rate AA becomes the main 

fatty acid. 


TABLE I 

was cultivated understrain 1380.dP. cruentum a temhigh EPA content, i.e.aconditions leading to 
25C, high light intensity and low cell

perature of 
concentration. Under these conditions, the extracted 

EPA (%oof total fatty acids) andoil contained 40.7% 
14.6% AA. Moreover, approximately 90% of the EPA 

primarilywas restricted to the GL while the AA was 
the phospholipidcontained in the neutral lipid and 

fractions. Therefore, in order to purify EPA from other 

fatty acids and especially from AA, a preliminary frac

tionation of the GL from the oil was undertaken. In the 

acetone fraction which included the GL, the proportion 

of EPA increa-d to 47.5% while that of AA decreased 

from 14.6% to 6.i06 (Table 1). 
EPA enrichment by urea fractionation. The GL 

fraction was transinethylated and, by forming urea 

inclusion complexes, almost all pf the saturated and 

monounsaturated fatty acids were effectively removed. 

The EPA and AA contents increased to 81.9% and 
respectively. It is intc:esting to note that the 

removal was more efficient for C-18 FAME than for 

C-16 FAME (Table 2). Also, while the urea inclusion 

complexes are primarily formed with saturated and 

monounsaturated fatty acids, the inclusion complexes 

contained some linoleic acid and AA, while EPA was 
EPA purifiedcompletely excluded. Thus, not only was 

from saturated and monounsaturated FAME, but a 

significant purification from AA was also achieved, 

as is evidenced in the Itvalues which decreased from 

0.11 to 0.08 ('Fable 2). Similarly, Traitler etat. (14) have 

shown that by urea fractionation of black currant seed 

oil, it was possible to selectively enrich y-linolenic acid 

over a-linolenic acid. It appears therefore that the urea 

fractionation method could be utilized for more than 

just the removal of saturated and monounsaturated 

EPA Enrichment by Silica Gel Fractionation of '. crueijtntalLipids 
Fatty acid composition 
(%of 1ial fatty acids) 

16:0 16:1 18:0 18:1 18:2 20:2 20:3 20:4 20;5 R 

0.9 4.8 0.8 2.0 14.6 40.7 0.36Total lipid- 30.6 5.3 0.3 
02 6.4 47.5 0.11Glycolipids 34.8 0.4 0.8 1.3 9.6 0.1 

fraction 

TABIE 2 

EPA and AA Concentration by Urea Treatment 

16:0 

F/ MEa 34.8 
F.iME after 3.1urea 

treatment 
FAME after 0.3 

chromatography 
aFAME of glycolipid fraction. 

Fatty acid composition
 
(%of total fatty acids)
 

20:5 R16:1 18:0 18:1 18:2 18:3 20:3 20:4 

5.4 47.6 0.110.4 0.8 1.3 9.6 0.1 0.2 
0.2 6.6 81.9 0.08
 

- - - 0.9 - 0.2 1.4 97.3 0.01
 

0.3 - 0.6 7.3 0.1 
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TABLE 3 
a 

EPA Purification by Reverse Phase Chromatography 
Fatty acid composition 
lT. of total fatty acids) 

If, of total 
P 

18:0 18:1 18:2 18:3 20:3 20:4 20:5 E Ac 
16:0 16:1%C1aClb 2.71.4 6.1 67.32.91.6 3.214.2 2.0 1.2 29.158 0.5 2.3 93.21.7 0.4

1.6 0.1 0.2 0.0 3.0 88.9 27.259 0.0 2.8 0.8 0.9 
69 3.2 0.2 0.3 

4.0 1.0 1.5 4.P 85.4 25.2 
0.4 0.2 

69 2.4 0.3 1.1 0,j 15.2 44.8 7.1 
0.9 0.8

59 19.0 1.0 16.8 
0.7 1.9 17.1 23.4 4.2 

1.3 21.3 
60 32.4 1.1 0.8 

1.8 15.1 7.4 1.5 
1.3 25.1 12 

61 46.7 1.2 0.2 
3.9 10.1 5.6 0.9

15.9 0.0 
62 60.8 1.2 0.7 1.7 

3.8 6.7 7.2 0.6
13.1 0.6

63.7 1.3 1.2 2.3 9.1 0.563 7.6 2.0 1.9 5.3
0.7 3.168.8 1.5 5.5 0.465 2.7 4.6 0.4 3.9 2.4 

. I.574.3 1.100 8.2 46.10.21.2 9.3 0.1
33.8 0.4 0.8 


mixtured
 
aRepresentative example.
 
bpercent of acetonitrile in ncetonitrile-water.
 

Pre-sepsritlon 

the ratio of EPA content in fraction to total EPA eluted. 
-cPercent of total EPA 

dConmposition of FAME mixture loaded on the column. 

and monounsaturatedremoval of saturatedtive for 
fatty acids. The inclusion complex formation reported 

FAME, it is envisaged that on a large scale it would 
it is quite possible that 

here was not optimized, and to pretreat the mixture with urea. 
an even more efficient be advantageous was pre

optimization could result in 
Indeed, when reverse phase chromatography 

the EPA was re
removal of AA. ceded by urea treatment, 85% of 

for the prepara-was utilized 
strain 1380.1b covered at a 97.3% purity.The same procedure 

tion of an AA concentrate. P. cruentulr 
as a rich source of AA (11). 

was previously identified 
increased t(, ACKNOWLEV MENTS 
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The competent technical assistance of S. DdI Is gratefully ac
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ABSTRACT 

The pharmaceutical interest and limited availability of ,-tlno-
lenic acid (GLA) and elcosapentaenolc acid (EPA) prompted th3search for genetic means for Increasing the production of these
fatty acids from algal sources. Cell lines of Splrulina platensls
and Porphyrldlum cruenfum resistant to the growth inhibition ofthe herbicide Sandoz 9785 were selected by seriL transfers of
the culture In the presence of increasing concentrations of the
herbicide. The resistant cell lines of S. platensls overproduced
GLA and those of P.cruenfum overproduced EPA and were stable 
for at least 50 generations Inthe absence of the Inhibitor. 

The recent pharmaceutical interest in the polyunsaturated
fatty acids, EPA' and GLA (7. 17) and the limitations of their 
current availability (2. 5) triggered the search for potential 
new sources for these fatty acids. We (I, 5) have previously

demonstrated that the marine 
 red microalga Porlhridium, 

cruetilum and the cyanobacterium Spirulina platensis 
are 

among the best producers of EPA and GLA, respectively.

Strain selection and manipulation of physiological and envi-

ronmental conditions brought about an increa.=d content of

these polyunsaturated fatty acids ( 1, 2, 4-6). Yet, the inherent 

limitation of these approaches prompted us to look for genetic 

means that could result in even higher contents of EPA and 

GLA. 

A possible approach for increasing the content of particular
cell metabolites is the use of inhibitors f specific steps in 
biosynthetic pathways or analogs of specific products. Gen-
erally, such inhibitors and analogs inhibit growth well.as 

Thus, msistance to the inhibitor could be achieved by over-

production of the inhibited imctabolites. It was indeed shown 

in higher plants that some lines selected for resistance to the 

growth inhibition are overproducers of the metabolite in 
question (8, 10, 15). Mutants of 'piro//na showing elevated 
production of proline were obtained by selection in the pres-

'Suppored in part by grants from the tI.S.Agency fir Interna-
tional De'elopment (1)P1-5544-(-702 and 1)t1'-5544-(.SS-801 7-
00). Contribution Ne. 57 from the raboraion,for Nlicroalgal tlio-
technology, Jacob Blaustein Institute for Desert Research.

'Ahreiaimmns: 1l'A. Cidi va['nliciC acid, 20:5,3 (I A18:3,.6. -,-linolcnic acid: SAN 9785, ltASF: 13-338. 4-chlro. 
5(dimethylanino)l-pien.l-l(21l) priufa/inon SRS-I-3. SAN.
resistant lines of Spirun," SRV.6-7. SAN-reistant lines of
Porphridium. 
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ence of proline analogs (12). Similar results were obtained in 
the cyanobacterium Nostoc (9) and the alga Nannochloris 
bacilris (13).

Several herbicides of the substituted pyridazinone family
were shown to inhibit fatty acid desaturation. Of these, SAN
9785 is the most effective inhibitor of w3 desaluration (i1),
and its effect on reduction of 18:33 levels in the glycolipids
of higher plants and algae was widely studied. Recently, we
(I) 	found this herbicide to be an effective inhibitor also for

6 desaturation of linok-ic acid in Spiruia. Although SAN 
9785 has a certain inhibitory effect on photosynthesis, it was 

shown that the effect on fatty acid desaturation is a direct 
inhibition of the desaturase (16). 

In the present paper, we describe the successful selection of 
I'. cr(elittti and S. platensis cell lines that display stable 
resistance to the growth inhibition of SAN 9785. These cell 
lines over produced EPA and GLA. respectively. To the best 
of our knowledge, this is the first report of a faty acid 
overproduction in either higher or lower plants induced by
perturbation of fatty acid metabolism. 

MATERIALS AND METHODS 

Organisms and Culture Conditions 
Spirulina platensis strain 2340 was obtained from the Uni

versity of Texas Culture Collection and was cultivatcd on
 
Zarrouk's medium at 30"C as previously described (5). Par
phrridium cruetumt strain 1380 Id 
was obtained from the

Goettingen Algal Culture Collection (Goettingen, Germany).

Cultures were grown 
on Jones's medium as previously de
scribed (6). Cultures were grown exponentially (with proper
dilution) under the appropriate conditions for at least 4 d 
prior to the onset of the experiment. The specific growth rate 
was estimated by measurements of Chi concentration and 
turbidity. Solutions of the herbicides in DMSO were added 
to exponentially growing cultJres. The final concentration of 
DMSO did not exceed 1%. Cultures of S. platensis were 
cultivated in the presence of 0.2 mmtSAN 9785, which inhibited growth by about 80(%. After several weeks of growth in
the presence of the inhibitor (with occasional dilution with
fresh medium containing the required concentration of the 

r e h e co t a te radu i re d pprain g
herbicide), the growth rate gradually increased, approaching
that of the control cells. The concentration of the inhibitor 
was increased to 0.4 m . and the culture was cultivated asabove for several months. 1'cruentlbm cultures were similarly
treated with an initial inhibitor concentration of 0.08 mkf, 
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Figure 1. Effect of 0.4 mu SAN 9785 on the growth rate (expressed 
as the increase inChl concentration relative to day 0)of S.platensis
and P.cruentum (0, control; 0, freshly exposed to the inhibitor; 0,
inhibitor resistant culture). 
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which was gradually increased over a 9-month period, finally 
rersching 0.4 mwt 

Selection of Resistant Lines 

S. platensir culture resistant to 0.4 mt herbicide was diluted 
with inhibitor-containing medium and distributed to 50 test 
tubes having on the average halfa filament per test tube. The 
test tubes were incubated for a period of Eeveral weeks. The 
test tubes in which growth occurred were rescued. Cell lines 
of R' crtntion resistant to 0.4 mi of the herbicide were 
obtained by screening of the resistant suspension on agar plate 
containing 0.4 mt of the inhibitor. 

Fatty Acid Anulysis 

Freeze-dried samples of biomass were transmethylated with
MeOlt-acetyl chloride as previously described (2). Heptade
canoic acid was added as an internal standard. Gas chromat
ographic analysis was performed on a Supelcowax 10 fused 
silica capillary column (30 m x 0.32 mm) at 200*C (injector 
and flame ionization detector temperatures 230"C, split ratiol:l00) and integrated with an HP 3396A integrator. Fatty 

acid methyl esters were identified by cochromatography with 
authentic standards (Sigma) and by GC-MS. Fatty acid con
tents were determined by comparing their peak areas with 
that of the internal standard. 

RESULTS AND DISCUSSION 
It is reasonable to assume that the growth inhibition incurred by these herbicides emanates to a certain extent from 

their effect on fatty acid desaturation, particularly the trans
formation of linoleic acid. Linoleic acid is further desaturated 
in S. platetsis to GLA and in P. crue'nttm to aY-linolenic acid,
which is it. all likelihood a precursor of EPA. Thus, we 
hypothesized that overproducers of GLA and EPA may be
found among SAN 9785-resistant cell lines ofS.p/atensis and 
I. crue'tunti, respectively. Clones of these algae that are re-

Table I. Fatty Acid Composition of S. platensis Cell Lines Resistant to SAN 9785 
The values presented are means t so (n= 4). At test was used to determine significantly different values of 18:3 and TFA at P< 0.025. 

Fatty Aod Composition

Cultu re . . .. ... . . . . .. . . . . . . . . . . . . . . . . . . . . . . .
160 161 

WTI" 42.11 ±082 566±091 
WTI 4216±0.93 629±0.16 
SRS-t' 43.34 ± 1,29 4.44 ± 1.89 
SRS-3 42.80 ± 134 516 ± 0.22 
SRS-lh 40.69± 167 4.95 ±0.39 

18.0 18 1 

% of total talty acids 

090±005 206 ±0.45 
085±008 2.77±0.10 
0.70 ± 007 239 ± 0.87 
0.84 ± 0.34 2.66 ± 1.11 
067± 0.04 2.58 ± 042 

182 183 
6TFA 

25,52±0.46 21.57±0.47 
25.91 ±0.47 2021 ±0.41 
24.48 ± 076 23.13 ± 1.18" 
2407 ± 0.27 2336 ± 121" 
25.09 ± 053 2357 ± 0.52" 

Fatty Acid Content 

183 

% of dryw 

4.09±0.42 0.88±0.07 
430±0.14 087±0.05 
5.55 ± 0351 1.28 ± 0.13" 
4.93 ± 0.24 ° 1.15 ± 0.09* 
607 ± 0.18 ° 

1.43 ± 0.05° 

'ITotal fatty acids. 'Wild type. Wild type culture subjected to 04 mm SAN 9785 for 4 d and brought back to inhibitor-free medium,similar to the resistant ct re. 'Resistant cell lines selected by filament isolation from the resistant rulture and cultivated on inhibitor-free
medium for 11 d. * Significantly different from wild type. Lipid transmethylation and fatty acid analyses were performed as previously reported
(3). 
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4creased compared with the wild type (Table 1). The three 
isolates had an improved fatty acid content (percent of dry
weight) of 5.55, 4.93, and 6.07%, respectively, compared with 

R 	 4.09% in the wild type. The increase in GLA content on a 
dry weight basis from 0.88% in the wild type to 1.28, 1.15,
and 1.43% in SRS-I, SRS-3, and SRS-lh, respectively, be
came even more apparent. It was possible that the GLA 

.overproduction obtained by transferring to inhibitor-free me

3D 	
dium was merely an overshoot resulting from the absence of 
tne inhibition. To overrule such a possibility, a wild-type
culture was subjected to the inhibitor for 4 d and then brought 

_back to inhibitor-free medium. Both its fatty acid composition0 4 8 12 16 and content were not significantly different from that of a 
AIE (days) wild type cultivate:d on control medtum (Table I).The culture ofl'.cruentin resistant to SAN 9785 displayed, 

Figure 2. EPA content (%of fatty acids) of P.cruentum wild type in the presence of the inhibitor, EPA levels higher than thosegrown with (A)or without (0) the herbicide SAN 9785 and of a of freshly exposed cultures of the wild type (28.0 and 26.5%resistant cell line grown continuously in the presence ofthe herbicide of fatty acids, respectively) (Fig. 2). Furthermore, elevated()and shifted to a herbicide-free medium (arrow). Due to depend. EPA levels were obtained when the resistant cultures wereence of the fatty acid composition on the Chl level (5), the fatty acid shifted to herbicide-free medium, where it reached 40.4% ascomposition was measured at acell concentration corresponding to compared with 36.8% in the wild type. The increase in EPA4 mgL Cfll, resulted primarily from a decrease in 16:0. The enhanced 

EPA level under inhibitor-free conditions was sustained for 
sistant to the growth inhibition of SAN 9785 were indeed at least 2 weeks (Fig. 2). By plating on agar, six colonies wereselected from the wild type (Fig. 1). selected, three of which displayed even higher proportions ofCell lines resistant to 0.4 mt SAN 9785 were obtained by EPA and a higher fatty acid content, resulting in a 27% a slepwise increase of the herbicide concentration in the enhancement of the EPA content. Strains SPR-6 and SPR-7
growth medium. When cultivated in the presence of this 
 showed the highest EPA proportions, each attaining a level ofconcentration, the resistant cultures could grow, although at -41% (of total fatty acids). On a dry weight basis, the fattya reduced growth rate, whereas the wild type collapsed after a acid content of each of these lines increased to 5.6% (ofdryfew days (Fig. I). When brought back to inhibitor-free me- weight) compared with 4.8% in the wild type, resulting in andium, their respective growth rates were back to normal (data EPA content of 2.3% as compared with 1.8% in the wild type

not shown). The resistance was maintained even after 50 (Table II).
generations in an inhibitor-free medium, indicating agenetic It is diflicult at present to point 
at the nechanism(s) of
change. 
 resistance to the herbicrde. Murphy etal. (II) have shownRelative to the wild type, the resistance in Srirtdifia was that the uptake of SAN 9785 varies in various plants. They
associated, as predicted, with elevated levels of GI.A both in have further shown that the herbicide was rapidly metabolizedthe presence (data not shown) and inthe absence (Table I) of in pea but only gradually incucumber and ryegrass (11).the inhibitor. In inhibitor-free medium, GI.A increased from Other possibilities could involve the modification ofthe target21.6% (of total fatty acids) in the wild type to 23.1, 23.4, and enzyme to reduce its allinity to the inhibitor, or an increase
23.6% in the resistant isolates SRS-l, SRS-3, and SRS-lh, in the level of the relevant enzyme (14). The increase ofGI.Arespectively. The proportions of 18:0, 18:1, and 18:2 de- in S. pltensi and EPA in P.crotentlon may be attributed to 

Table I. Fatly Acid Composition of P.cruentun CellLinesResistanttoSAN 9785 
The values presented art,means t so (n 3).A I test was used to determine significantly different values of EPA and TFA at P < 0,05. 

Fatty
Acid Composition Faity Acid ContentCurrure .. . ... ... .. . .. . .. . .. . . . . . . ..
.. . ... .. . .. . . .
t160 161 163 180 
 181 182 183 

_-_ 202 203 204 EPA_9 6 _6 	 IFA* EP/-6 .6
 

oftotal
farty acids % of dtywtwTI 30.3 5.20 0.62 0.44 053 5.44 0.89 0.54 0.68 16.1 23.2 4.78 1.83
±0.62 ±034 ±0.06 ±002 ±0.04 ±0.11 ±0.13 ±0.15 ±007 ±0.40 ±0.75 ±0.17 ±0.04SRP-6' 29.2 4.70 062 0.47 053 5.31 0.92 063 037 15.4 41.1 5.64 2.32±1.5 ±0.07 ±008 ±007 ±0 04 ±0.24 ±0.15 ±0.14 ±0 01 ±0.10 ±039, ±0.67 ' ±0.394SRP-7' 29.5 4.54 060 0.46 0.47 534 0.90 047 0.59 15.5 409 5.62 2.31±12 ±O30 ±0,06 ±0.10 ±006 ±0.23 ±0.04 ±0.02 ±0.16 ±0.45 ±1.11 ±067d ±0.364
 

Total fatty acids. Wild type. ' Resistant cell lines selected by agar plating
of tie resistant culture. 'Significantly different from wild 
type. 
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one of the last two mechanisms. Thus, overproduction could 

be a means for counteracting the effect of the herbicide. 


The data presented in this communication indicate that the 

hypothesis suggesting the use of inhibitors of fa.ty acid desat-

uration as 
means for obtaining fatty acid overproduction was 

a)parently correct. We are aware 
that further exploitation of 
this approach could be hampered by the reduced specificity
of the herbicide. Thus, more specific inhibitors, such as tran-
sition stage analogs, are being sought. We anticipate that 

further selection 
of GLA and EPA overproducing strains 
would make the production of these fatty acids from algal 
sources feasible. 
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Abstract-The effects of the herbicides SAN 9785 and norflurazon on growth and fatty acid composition of thecyanobacterium Spirutina platensIs, the marine microalga Porphyridlum cruentum and the freshwater alga Monodussubterraneus were studied. Norflurazon was more effective than SAN 9785 in causing growth inhibition of S.piatensiscultures; changes in fatty acid composition confirmed that this compound is a potent inhibitor of A6-desituratlon.SAN 9785 inhibited the growth of S.platensis concomitantly causing a reduction in the amount of the fatty acids18:3o6 and 18:2w6 and an increase in 18:1 and 18:0, thus indicating an inhibitory effect of this herbicide on the A6desaturation system. Similar growth inhibition was observed in P. cruentum. In this alga, the herbicide also Inhibitedthe forma ion of 20:5co3, apparently by blocking the desaturation of 18:2 to 18:3o)3 In one pathway ofeicosapentaetoic acid biosynthesis. However, in M. subgerraneus SAN 9785 reduced growth, but caused an Icrease inthe proportion of 20:5(,,3 indicating apossilbe alternative pathway for the formation of 20:5(o3 in this alga. SAN 9785was therefore considered to be useful for the selection of cell lines which overproduce the valuable fatty acids 18:3a)6and 20:5o3 in S.platensis and P. cruenturn, respectively. 

INTRODSUCTION There are several physiological means for increasint? oilRecent increasing interest in polyunsaturated fatty acids cont,-t in cukaryotic algae including nitrogen or silicon(PUFA) such as eicosapentaenoic acid (EPA, 20:5w3) starvation, and keeping cells in the stationary phase ofand y-linolenic acid (GLA,18:3co6) as potential pharma. growth. However, none of these methods was shown to beceuticals [1-4] has triggered the search for new sources of effective for cyanobactera and even in eukaryotic algae,these fatty acids. The cur;ent source of EPA ismarine fish their benefits are limited with regard to EPA productionoil. However, its relatively low EPA content (7-15% of because of decreases ingrowth rate and PUFA content
total fatty acids) and the presence of cholesterol in fish oil 
 which are generally associated with an increase in oil
have prompted several studies ared at the development 
 content [18, 19]. We have hypothesized that PUFAof alternative EPA sources. Although fungal production overproduction could be obtained using specific Inhibiof EPA has been suggested [5], large scale cultivation of a tors which perturb lipid biosynthetic routes. In higher
fungal source is not yet feasible. The commercial potential plantr, it was indeed shown that lines selected for resistof EPA-containing algae has also been investigated ance to certain inhibitors which affect the formation of
[6-8]. We have previously demonstrated that the marine 
 various essential metabolites, overproduce the metabolitered microalga Porphyridiurn cruentum is one of the best in question [20-22]. Mutants ofSpirulina showing elevaelgal EPA sources [9] because outdoor cultivation is ted production of proline were obtained by selection forpossible [10] and elevated EPA contents can be achieved growth in the presence of proline analogues [23]. Similarby the combination of strain selection [11], environ- phenomena were observed in the cyanobacterium Nostocmental conditions [9-11] and efficient purifzation meth- [24] and the alga Nannochlorls bacilaris [25].ods [12]. Most of the information concerning fatty acid biosyn-GLA is found in evening primrose, blackcurrant [13] thesis has been obtained from studies on higher plants.and borage [14], as well us fungi [15] and cyanobacteria Increasing evidence [26] suggests that 18:2 and 18:3 are[16]. We have shown that by choice of the appropriate formed by sequential desaturation of 18:1 which isstrains and environmental conditions Splrulilna oil can already esterified to a specific glyccrolipid (rather thanbecome one of the richest sources of GLA [17]. desaturation of CoA thioesters) and that 16:0 may be 
desaturated when it is esterified at the sn-2 position of*Author to whom correspondence should be addressed. monogalactosyldiacylglycerol (MGDG)or phosphatidyl
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glycerol (PG) [26]. While these pathways are similar in 
algae and higher plants, very little is known about the 
synthesis of 20:5w3 which is found in several algae but 
not in higher plants. It is presumed that 20:5 isformed by 
a series of desaturations and an elongation of 18:2(o6, 
possibly via 18:3o)3 [27]. 

Several herbicides have been shown to inhibit fatty acid 
desaturation. The substituted pyridazinone SAN 9785 
[BASF 13-338, 4-chloro-5(dimethylamino)-2-phenyl-
3(2H) pyridazinone] is the most effective known inhibitor 
of &13 desaturation and its effect of reducing 18:3w3 
concentrations in the glycolipids of higher plants and 
algae has been widely studied [28]. Recently this herbi-
cide was shown to directly inhibit in vitro desaturation of 
18:2 in MGDG [29]. Although SAN 9785 partially 
inhibits photosynthesis, it was shown that its effect on 
fatty acid desaturation is the result of a direct inhibition of 
the desaturase enzyme, independent of its effect on photo
synthesis [30]. In an independent study [31], we have 
shown that the structurally-related herbicid- norflurazon 
(SAN 9789), a known inhibitor of carotenoid biosynthesis 
and chlorophyll accumulation, is a very effective inhibitor 
of the A6-desaturation system. 

In the present work we tested the effect of SAN 9785 
and norflurazon on the growth and fatty acid composi-
tion of the cyanobacterium S.platensis, the red microalga 
P. cruentum and the freshwater microalga Monodus sub-
terraneus.We further evaluated their potential for selec-
ting cell lines which exhibit overproduction of GLA in 
S.platensis and of EPA in P. cruentum and AM.sub
terraneus. 

RESUL'IN 

Effect of SAN 9785 and norflurazon on growth 
The effects of variousconcentrations ofthe two herbici

des or, h-, growth rate of S. platensis, P. cruentum and 

M. s,,h"."=neus were studied. SAN 9785 inhibited the 
growth of both S. platensis and P. cruemnum cultures. 
Maximal inhibition was observed at 0.8 mM, yet even at 
0.4 mM growth was arrested after afew days (Fig. 1). Cell 
growth of M. subterraneus was almost completely inhib-
ite at 0.2 mM (Fig. I). Norflurazon was much more 
effective than SAN 9785 in suppressing growth nf 
S. platensis, which was completely inhibited tvo days in 
the presence of 3 pIM (1,*. 2). However, cells were still 
viable at a herbicide co,.centration as high as 15 pM, 
judging by their ability to grow in inhibitor-free medium, 

Effect of SAN 9785 and norflurazon onfatty acid compl-
(ion 

Norflurazon markedly altered the fatty acid profile of 
S.platensis. In the presence of 15 IM, the proportion of 
18:3w6 in the total fatty acids decreased from 21.7% to 
12.7% with concurrent increases in 18:2 and 18:1 (Fig. 3). 
Pigment accumulation (data not shown) and total fatty 
acid content were also affected. The latter was reduced 
from 3.5 to 1.6% (of dry weight). 

so 
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MIR (days) 
Fig. . EffectofSAN9785ongroth(exprssedasthelncrease 
inchlorophyll concentration relative to day 0)of S.platensts, P. 
cruenturn and At. subterraneus (0, control; 0, 0.04 mM; L, 

0.08 rM; 0, 0.16 mM; U, 0.2 mM; A, 0.4 naM). 

Exposure of S. platensis to SAN 9785 resulted in 
decreases in the proportion of 18:3(o6 and 18:2o6 and in 
increases in those of 18:1 and 18:0 (Table 1). During 

incubation with 0.4 mM SAN 9785, the proportion of 
18:3o6 declined from 19.6% (of total fatty acids) in 
inhibitor-free medium to 12.3% and that of 18:2 from 
25.6% to 22.4%, while 18:1 and 18:0 increased. Rela
lively small changes were also observed in the C16 fatty 
acid series. The total fatty acid content was also reduced 
from 4.90 to 2.66% (of dry weight), resulting in a signific
ant reduction of the content of 18:3 from 0.96 to 0.33%. 

The major effect of SAN 9735 on the fatty acid 
composition of P. cruentum was the reduction in 20:53 
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and the concomitant increases in 2
0:2a)6, 20 :3a)6 and16:0 (Table 2). In the presence of 0.16 mM SAN 9785, the 

As noted above, SAN 9785 also inhibited the growth ofproportion of 20:5 declined from 36.8% 
M. subterraneus (Fig. I).However, its concurrent effect onacids) to 31.2% while that of 2

(of total fatty cell PUPA composition was unlike that observed above0:46 was reduced only athigher inhibitor concentrations. The relative amounts of 
for the other two algae (Table 3). The proportion of EPAwas20:2,20:3 and 16:0 increased. The effect ofSAN 9785 on 

found to increase significantly from 22.4 to 34.8%while that of 16:0 andfatty acids increased with herbicide concentration and 	
16: 17 decreased (Table 3).was maximal at 	 However, the absolute content of EPA did not changethe highest concentration

namely 0.4 mM. studied, 	 signifcantly due to the decrease in total fatty acid contentwhich dropped from 12.3 to 7.34% (% of dry weight). The 

20 

Al55 
|1 
 !s 0h,, 5m 

0 1 2 8 O 0 to 

TIM (day*)
Fig 2 Effect of norflurazon NORFLUAZON CONC, (pi)on growth rate (expressed as theincrease in chlorophyll concentration relative to day o) of s. 

Fig. 3. Effect of norflurazon on 18:3 (0. 18:2 (el) and 18:1 
platensuls (o, control; M,3 pM; A, 

(0) contents in S.platensis.
15pM). 

Table I. Effect of SAN 9785 on fatty acid :omposition and content of S.platensis. 

Fatty acid composition 
Fatty acid content(% of total fatty acids) (% of dry wt)

SAN 9785 14:0 16:0 16:1 16:3 
 16:4 18:0
concn (mM) 18:1 18:2 18:3 TFA 18:3 
f96 (A 8& 

0 1.6 44.2 4.7 0.5
0.2 0.2 1.0 2.6 	 25.6 19.6 4.901.9 46.7 	 0.963.6 0.7 -t0.4 0.9 1.9 5.0 	 24.3 15.9 3.9045.0 	 0.624.0 1.0 - 3.2 11.2 22.4 12.3 2.66 0.33 

'Total ralty acids.M~ace amount. 
Cultures were analysed four days aflerexposure to the herbicde. Data shown reprme.nt meanvalues of four Independent samples, each analysed in duplicate. 

Table 2. Effect of SAN 9785 on fatty acid composition of P. cruentum 

Fatty acid composition
 
(% of total fatty acids)


SAN9785 
 16:0 16:1 16:3 18:0 
18:1 18:2 18:3 20:2
concn (mM) 	 20:3 20:4 20:5
t()6 r" 0,,6w6 w6 Wn3 

0 
 31.8 5.9 0.5 
0.9 1.0 5.3
0.08 36.1 5.0 0.8 0.9 1.2 
1.4 	0.1 0.5 16.0 36.8

5.0 0.80.16 37.8 5.1 	 0.4 0.7 13.3 35.40.8 0.7 1.3 5.0 0.7 0.60.40 43.9 	 0.9 15.4 31.25.9 0.8 0.9 1.9 5.5 1.5 0.h 1.3 11.6 25.4 
Cultures were analysed four days after exposure to the herbicide. Data shown represent meanvalues of four Independent samples, each analysed In duplicate. 
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Table 3. Effect ofSAN 9785 on fatty acid composition of Af. subterraneus
 

Fatty acid composition 
(% of total fatty acids) 

SAN9785 14:0 16:0 16:1 18:0 18:1 18:2 18:3 
concn (mM) w9 u6 w6 

0 4.2 24.6 28.0 0.9 10.0 1.2 1.4 
0.2 	 4.0 21.0 23.1 1.4 7.1 2.4 

$Total fatty acids. 

20:3 20:4 20:5 
w6 &6 w3 

1.0 5.0 22.5 
- 6.2 34.8 

Fatty acid content 
(%of dry wt) 

TFAO 20:5 
w3 

12.30 2.76 
7.34 2.56 

Cultures were analysed four days after exposure to the herbicide. Data shown represent mean vwlumsof two 
independent samples, each analysed induplicate. 

very low concentration of 18:3w6 present in control cells 18:3,.o-A 20:3wa8 0 20:4wOe
disappeared during herbicide treatment, and there was a 
small increase in 18:2a)6 and 20:4a)6. 

DISCULSSION 
Eighty-five per cent of the GLA in S.platensls(Cohen, 

unpublished data) and over 90% of the EPA in 
P. cruentum [12] are located in chloroplast galactolipids
(GL) which are considered to be structural components of 
the photosynthetic apparatus [32]. Thus, it was reason
able to assume that inhibitors having a, effect on desatura-
tion reactions involved in PUFA biosynthesis would also 
affect growth (i.e., by impairment of photosynthetic effici
ency). Elongation and desaturation reactions in proposed 
pathways of PUFA biosynthesis in microalgac arc pre-
sented in Scheme I. As previously mentioned various 
substituted pyridazinones, such as SAN 9785, are known 
to inhibit the desaturation of 18:2w6 to 18:3w3 [28]
which is a possible precursor of 20:5w3 in both the 
marine red microalga P. cruentum and the freshwater 
chrysophyte M. subterraneus (Scheme 1). The data pre-
sented here (Fig. I and Table 1)show that in S.platensis, 
which contains 18:3w6 as a major component of GL, 
SAN 9785 inhibits both cell growth and synthesis of
18:3o6. We suggest that growth inhibition may stem 
from the effect on the chloroplast membrane fatly acid 
composition, although we cannot rule out the possibility 
that growth may bc adversely affected by a reduction in 
carbon assimilation resulting from the direct inhibition of 
photosynt/:sis by the herbicide. Recently, we have shown 
[31] that riorflurazon, astructurally related pyridazinone
known to inhibit carotenoid biosynthesis, chlorophyll 
aceumulation, and consequently growth [33], also effect-
ively inhibits fatty acid desaturation, primarily A6-de-
saturation. The effect ofnorflurazon on the LA6-desaturase 
in S.platensis was shown to be two orders of magnitude 
higher than that of SAN 9785 (Table I, Fig. 3). Thus, 
3pM norflurazon and 0.4 mM SAN 9785 reduced the 
amount of 18:3w6 by 25% and 29%, respectively. 

Obtaining resistance to the inhibitory effect of norflur-
azon on fatty acid desaturation would be complicated
due to its dual mode of action. We have previously
studied the effect of this herbicide on the fatty acid 

0 E 1 

f 
16:0 18:0 - 18:10 9-18:2,o(I -- M20:2OG 

i? 

18:3 -.0- 20:30s3f 
: *20:4o * 20:&a 

Scheme I. Possible pathways of PUFA biosynthesis inmicro
algae. 

composition of M. subterraneus [31] and P. cruentum 
(data not shown). Although this compound inhibited cell 
growth, no reduction in EPA was observed. On the 
contrary, its proportion increased significantly. 

The inhibilory activity of SAN 9785 in P. cruentum 
resulted in a reduction in the contact of EPA (Table. 2),
primarily in the GL fraction (data not shown). An 
increase in the precursor 18:2, or any of its products in 
other pathways, could be predicted. Yet, except for small 
increases in 20:2 and 20:3 the only major increase was 
noted in 16:0. 

In M. subterraneus, SAN 9785, while reducing growth 
and decreasing fatty acid content, surprisingly caused an 
increase in Lnc"proportion of 20: 5o3. Since this fatty acid 
is primarily located in GL in both M. subterraneus and 
P. cruenturn (Cohen, unpublished data), this contradic
tory effect of SAN 9785 on Al. subterraneus EPA suggests
the existance of an alternative pathway for 20:5W3 bio
synthesis in this alga. In this scheme, clongation of 
18:2w6 to 20:2to6 would precede desaturation of the 
latter to 20:303 (Scheme 1)which would then be further 
desaturated to form 20: 5w3. Based on the data presented
here, our hypothesis states that these desaturations of C20
fatty -c!c. are much less sensitive to the inhil.itor. An
other possibility is that in this alga the despturation of 
18:2 to 18:303 takes place on extrachloroplastic PC 
prior to PUFA incorporation into GL. It was suggested
that in Ihe 'eukaryotic pathway' of GL synthesis in higher
pla,.ts, 18:2/18:2-PC (26] or 18:2/18:3-PC [34] are the 
molecular species which are transported back to the 
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chloroplasts for subsequent galactosylation of their gly. 
 Solns of the herbicides in DMSO
cerol moieties and further fatty acid desaturation. The were added to expodeiaturation of 18:2 occuring nentially growing cultures. The final concn of DMSO inon PC was shown inArabidopsis to be less sensitive to SAN 9785 inhibition 

treated and control cultures did not exceed 1%.then chloroplast desaturation reactions [35], and similar 
Fatty acid analysis. Fatty acid composition and con.mechanisms could be operative in At. subterraneus. 

tent were measured 3days after exposure to the inhibitor.Henderson Freeze-driedet al. (36], who studied cells were transmethylatedthe effect of this with MeOHherbicide in the marine microalgae Chroomonas salina 
AcOCI as previously described [I2]. Heptadecandicacidwas added as int.and Nannochloropsis oculata, also obtained data indicat-

standard. GC analysis was performeding the possible existence of a different on aSupelcowax 10 fused sil;ca capillary column (30mxbiosynthetic 
(FID, inj.pathway for 20:5. The unexpected effect of SAN 9785 on 

0.32 mm) at 200 and detector temps 230', splitM. subterraneus may be helpful in elucidating the bio-
ratio 1:100). Peak areas weresynthetic pathway or EPA in this alga. Further studies in 
rator. Fatty acid Me esters 

measured using allInteg
were identified by co-chrothis direction are :urrently under way. 

matography with authentic standards and by Gc-MS.The herbicide SAN 9785 inhibited growth in all three 
Fatty acid contents were determined by comparing theirpeak areas with that of the int.algal species studied. We suggest that in S.platensis and standard. The data shownP. cruentum growth inhibition could be related to the 
represent mean values with a range of less than 5% foreffect of the inhibitor on the production 
major (over 10% of fatty acids) peaks and 10% forof GLA and minor

EPA, respectively, and 
peaks, of at least two independent samples, each analysedto a lower extent also to the in duplicate.
reduction in total fatty acid content. In M. subterraneus,


reduction in total fatty acid content by more then 40i% 
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Abstract--Cell lines of Spirulina pltensis and Porphyridiurn cruenfum resistant to growth inhibition by the herbicide 
SAN 9785 had a significantly higher growth rate than their respective wild-type strains. These lines were also shown tooverproduce 7-linolenic acid (G LA) and eicosapentaenoic acid (EPA), respectively, in the presence and absence of the
inhibitor, as compared %kithwild-type cultures under similar conditions. The effect was most conspicuous in polarlipids. Thus, the proportion of GLA in the galactolipid (GL) fraction of the SAN 9785-resistant strain of S.platensis,
SRS-I, increased in the absence of the inhibitor from 33.3% in the wild-type to 39.0%. Similarly, the proportion of
EPA in the GL fraction of the resistant strain of P. cruentum, SRP, increased in the piesence of the inhibitor from 29.1 
to 45.4%. 

INTRODUCi-1ION 

The pharmacctical interest [1-4] and limited avail-
ability of y-linolenic acid (GLA. 18: 3rt6) [5] and eicosa-
pentacnoic acid (EPA, 20:5u3) [6-8] has prompted the 
search for genetic means for increasing the production of 
these fatty acids from algal sources. We postulated (9,10] 
that among cells resistant to the growth inhibition of aninhiito tht afectfaiy omemayacd dsatratin, 
inhibitor that affect fastty acid desaturation, some mayoverproduce the fatty acids in question. The substituted 
pyridazinone SAN 9785 (IIASF 13-338, 4-chloro
5(dimethylamino)-2-phenyl.3(211) pyridazinone) inhibits 
18:3to3 in the galactolipids (GI.) of higher plants and al
gae [I1], and was shown to directly inhibit in ritro desat-
uration of 18:2 in nmonogal;ctosyldiacylglycerols in ref. [12].
Recently, we have shown [10] that SAN 9785 inhibited 
both the growth and tie production of EPA and GLA in 
the red microalga I'orph'tridium cruentumn and in the 
cyanobacterium Spirulina platen.sis, respectively. This 
herbicide was considered therefore as being suitable for 
the introduction of a selection pressure for inducing
overproduction of GLA and EPA in these algae. Indeed, 
we obtained strains of S. plarensis and 1'. cruentum 
resistant to the growth inhibition of this herbicide which 
demonstrated overproduction of Gl.A and EPA, respect-
ively [9]. While the phenomenon of emergence of over-

'Author to ,,whom correspondence should be addressed. 
Contribution No. 59 from the laboratory for Microalgal

Biotechnology, Jacob Blauslein Institute for Desert Research. 

producing mutants has been widely reported in various 
systems [13--15], to the best of our knowledge, there are 
no similar reports regarding overproduction of lipids in 
general and fatty acids in particular. 

In the present work, we elaborate further on the effect 
of SAN 9785 on the fatty acid composition in both the 
wild-type and resistant cultures of S. plwtensi andP. cruentunt and characterize the resistant cultures with 
rsett hi at cdcmoiinrespect to their fatty acid composition. 

RIESUITS 

Resistance to yrowth inhibition by SAN 9785 

The herbicide SAN 9785 inhibited the growth of 
S.platensis and P.cruentun, cultures. Growth was arres
ted after two and four days, respectively, in the presence 
of 0.4 mM herbicide (Fig. I). Resistance to the inhibitor 
was built up by continuous cultivation in the presence of 
gradually increasing concentrations of inhibitor. Thus, by
this method we obtained a culture of S.platensis, 2340, 
which, in the presence of0.4 mM herbicide, had agrowth 
rate similar to that of a wild-type culture which was 
freshly exposed to only 0.2 mM herbicide. Eventually, the 
resistance was increased to withstand aconcentration as 
high as 0.8 mM (Fig. I).

Similar treatment of P. cruentum also yielded SAN 
9785-resistant cultures. The culture resistant to 0.16 mM 
SAN had a much higher growth rate than the wild-type
(Fig. I), almost as fast as the wild-type cultivated in 
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inhibitor-free medium. At 0.4 nM, 	 In both S. platensisthe growth of the and P. cruniwmun, when brought
resistant culture resembled that of the wild-type at back to inhibitor-free medium, the growth rate of the 
0.16 mM (Fig. I). resistant culture was similar to that of the wild-type. The 

resistance was maintained even after 50 g.nerations in an 
-0 inhibitor-free medium. 

S.platewu2340 

E.jict q/ SAN 9785 onfatt acid composition ofwild-type 
and SAN 9785-resistant cultures. of Spirulina 

The resistance to the inhibitor was manifested also in 
he fit ty acid composition. The effect on wild-type 

Spirulinn is primarily characterized by a decrease in the 
lesel of GLA and in an increase in that of 18:l1 no.tu9 

- .. 
 Iloweser, the intensity of this effect was considerably 
lower in the resistant cultures. Small differences were0 I 'IME2(da) already observed in a culture of S. platrnsis 2340 resistant 

to 0.2 mM SAN 9785 (Table I).fly adaptation to ahigher
concentration of inhibitor, the resistance bccaine more 
salient. linthe culture resistant to 0.4 mM SAN 9785, the 

-v- -- - GILA proportion in the presence of the inhibitor reached 
P.crentum 	 16.5 as compared with only 12.3 . in the freshly exposed 

10 	 wild-type culture, representing an overproduction of this 
fatty acid. Concomitantly, tle proportion of 18:1 was 
losser, attaining otnly 5.4% scltile reaching 11.2%/ in the 
wild-t)pe. Th- ratio of 18:3 and 18:2 to 18:1 (R), was 
reduced inthe wild-type, in the presence of 0.4 mM SAN 
9785, front 17.4 to 3.1. In tle resistant culture it was 
reduced to only 7.8. The fatty acid content was also 

. -. higher, reaching 4.3% compared with 2.7% (of dry 
0 l 	

v,'eight) in the wild-type, resulting in an increase in the11ME 2(dn a 4 GLA content from 0.38 to 0.71% in tile resistant culture; 

Fig. I. Effect of SAN 9785 on growth rate (expressed as increase ttis was still lower that that of the wild-type in the 
inchlorophyll concentration relatise to day juf S. platen.ss absente of ithibitor 096%, Table 1 
2340 and P. cruentum. [V ontruI(wild-lype, inhibitor-frcel "P- effect of the inhibitor on both wild-type and 
*--0.16 mM SAN 9785; # 0.2 riM; 0.4amt A resistant cultures was even more conspicuous inthe polar
0.8 mM]. Empty symbols uenote sild-type cultures freshly lipids. When exposed to 0.4 mM SAN 9785, the propor
exposed to the herbicide. Filled symbols denote cultures resistant lin of GILA in tle GL of another Spirulina strain, BP, 
tothe indicated concentration of SAN 9785. was reduced from 36.8 to 22.2% (Table 2). A slight 

Table I. Effect of SAN 9785 on fatty acid composition and content of wild type (2340) and SAN 9785 resistant cultures (SRS) of 
S.platen.sis 

Fatty acid composition FA content 
1%total fallyacids) 1%of dry wt)

SAN 9785 
concn 18:2 18:3 18:3 

Culture (imnM) 14:1 16:0 16:1 16:3 18-0 I:1l ,.6 (r6 TFAI w6 RO 

WTI 0 1.6 44.2 4.7 	 0.5 t.(0 26' 25.6' 19.61 4.9' 0.96' 17.4'
WT 0.2 1.9 46.7 3.6 0.7 1.9b 50it 243" 15.9" 3.9" 0.62' 8.0" 
SRS (0.2§ 0.2 I5 48.0 2.5 0.6 20" 4.8 23.6 16.9 4.1t 0 .6 9' 8.4" 

' ' 


WT 0.4 11.9 45.0 4.0 1.0 3.2' 112' 22.4' 12.3' 2.7' 0.38' 3.1' 
SRS (0.4) 0.4 1.3 45.9 2.6 0.8 1.9" 5.4h 4.3h' 25.4' 16.5 0.71h 7.8b 

*R: (18:3+ 18:2),'18: 1.
 
tTotal fatty acids.
 
tWild-type.
 
§Culture resistant to aconcentration of SAN 9785 indicated inparenthesis. Cultures were analysed four days after
exposure to theindicated concentraticra of theinhibitor. Traces (<0.3%) of 16:4 were also present. Data shown represent meatsvalues of four

independent samples, each analysed in duplicate. Within cacl,column, numbers marked with different letters are significantly 
different. 
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decrease was noted in the amount of 18:2w6 while that of Effect oi'AN 9785 on fatty acid composition of wild-type
18: ia9 increased from 4.0 to 19.2%. Consequently, the R and resistant cultures of P.crucntum 
valite dropped from 11.7 to 1.6. In cuiture Z 19/2 (derived The main effect ofSAN 9785 on the fatty acid composi
from Spirulina BP), which was resistant to 0.4 mM SAN tion if wild-type P. cruentum cu:;ires was expressed in
9785, the amount of GLA in GL was higher and that of the decrease in EPA and tc increase in 16:0. At 0.4 mM
18: Iw9 lower than that ofthe wild-type in the presence of SAN 9785, EPA decreased from 36.1 to 24.8
the inhibitor, reaching 26.4 and 15.4%. respectively 1%of fatly acids) while 16:0 increascd from 32.9 to 37.5%. 
(Table 2). In the phospholipid (PL) fraction of the wild- In the resistant culture, however, the amount of EPA 
type lipids, the inhibitor caused a reduction in the content reached 30.7% (Table 3), while that of 16:0 was even
ofGLA from 5.8 to 3.4%and that of 18:2io6 from 34.5 to lower than that of the wild-type under inhibitor-free 
18.2%. A major increase was notcd in the proportion of conditions. 
18: Iw9 which increased to 28.9% front 10.7% in the A more focused view on the effect of the inhibitor was 

absence of the inhibitor (Table 2). obtained by comparing the fatty acid composition in the 

Table 2. Effect of SAN 9785 on the fatty acid composilion of the polar lipids ofwild-type (B|Pand 2340) and SAN 9 85-resistant 
cultures 1Z19/2 and SRS-I) of Spiruhina 

Fatty acidcomposition 
1% totalftllyacids) 

Lipid 
fraction Strain Medium 16:0 16:1 16:2 16:3 16:4 18:0 18:1 

18:2 
w6 

18:3 
w6 R-

GL BP 
Z19/2§ 

-t 
-

41.2 
41.9 

4.5 
5.2 

nd 
nd 

nd 
nd 

2.1 
nd 

16 
08 

40" 
2.71 

9.8' 
I 1.1 

368' 
38.31 

11.7' 
18.5b 

BP + t 44.3 1.8 nd id 07 2.5 19.2, 9.4' 22.21 1.6' 
Z19/2 
2340 
SRS-I§ 

+ 
-
-

42.4 
40.6 
384 

3.2 
6.8 
8.4 

0.3 
03 
04 

06 
0.3 
0.5 

04 
01 
nd 

20 
05 
0,5 

15.4' 
1.9 ' 

1.2' 

9.3' 
16.5' 
11.6

d 

2b P 
33.3' 
39.0' 

2.3' 
26.2' 
42.2' 

PL BP 
Z19/2 

-
-

41.9 
41.3 

nd 
3.9 

nd 
0.9 

2.5 
0,8 

nd 
1.7 

47 
2.2 

10.7" 
7.11 

34.5' 
34.7' 

58' 
74

b 
3.8' 
5.91 

BP 
Z19/2 

+ 
+ 

43.6 
41.3 

H.) 
40 

0.7 
04 

id 
1.4 

0.9 
03 

3.4 
28 

289' 
24.5 d 

18.20 
19.1b 

3.41 
5.5" 

0.75' 
1.0 

*R: (18:3+ 18:2)/18: 1.
 
t(- )Inhibitor-free medium. (+)Mcdun containing 0.4nii SAN 9'85.
 

Not determined.
 
§Z19/2 and SRS-l-cultures resistant to 0.4 niM SAN 9785 deriving front S.platensis strains lIP and 2340, respectively.

Data shown represent mean values of four independent samples, each analysed in duplicate.
 

Table 3. Effect of SAN 9785 on the fatty acid comnposition of wild-type (WT) and SAN 9 785-resistant (SRP)cultures of P. cruentum 

Fatty acid composition 
J%total fatty aids)

SAN 9785 .
 
concn 
 18:,. 18:3 20:2 20:3 20:4 20:5

Culture ImM) 16:0 16:1 16:3 18:0 18:1 wv6 w6 .6 u6 w6 w3 

WT 0 32.9' 4.2 06 0.5 04 5.7' 0.7 06 06 17.3 36.1'
SRP 0 28.5' 54 04 0)5 1.0 5.7' 0.9 0.5 0.7 158 40.4'
SRP-6t 0 29.2 b 

4.7 06 05 05 5.3' 
b 

09 06 04 15.4 41.1' 
WT 0.4 37.5' 3.7 0.7 1.3 2 1 7.9 1.5 06 2.0 17.4 24.8'
SRPJ 0.4 29.0b 

3.1 (6 1.8 28 12.2' 1.3 10 2.7 14.3 30.' 

*Wild-type.
 
fResistant line selected by agar plating of resistant culture
 

SAN 9785-resistant culture.
 
Data shown represent niean values of fiiur independent samples, each analysed in duplicate.
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9Table 4. Fatty acid compoition of the galactolipid fraction of wild-type 113HO-Id) and SAN 785-resistant (SRP culturm I 
P. eruttntum 

all y rcid cornr'nition 
(% ttal fatty acids) 

Culture 

WI" 
WT 
SRP: 

Medium 

--

" 
+ 

16 0 

364 
364 
360 

16:1 

I 21 
82 
2Wr 

16:3 

tdfull 
ot5 
02 

INt) 

33i 
12 

IN:I 

l(,0 
i 71 
20' 

1:2 
,w6 

4 V 
41' 
74"' 

18:.3 
(Ab 

nd 
04 
03 

20:2 
r,6 

06' 

1.3 
1.2" 

20:3 
M6 

nd 
0.2 
0.2 

20:4 
(o6 

5.9* 
9.2' 
3.8' 

20:5 
03 

50.01 

29.I 
45.4' 

Nl- Inhibitor-free medium I * I Mediun :ortartlnrirg04 niNt SAN 978 
tNol delernined 
1A culture of IP(rriturm 1380-1d rcs' ,ial to 04 mrNI SAN 9785Data lumn reprecvrut nialt %atlres of fIour independcril saitipics. ctct analysed in duplicate 

GL. Thus, in this lipid fraction, the inhibitor reduced the oer of the inhibitor, hut could also emerge as a result ol
proportion of I.A in tle wild-typC frort 51.0 to 29.1% genetic changes leading to an overproduction of the 
(Table 41. but only to 45.40 in the resistant culture. inhibited fatty acid. Recently, we [10] have shown that 

In the absence of the inhibitor. time 1:PA proportion in the herbicide SAN 9785 inhibited the biosynthesis of both
tle resistat culture reached 4(.4% kjli]e in a subculture GI.A and EPA in S. platen.isis and P. cruentum, rcspect
(SR P-6), isol"tcd by agar plating, atn even higher propor- ively. It is reasonable to assume that the growth inhibi
tion of 41.1 %iwas reached ITable 3). lion caused by SAN 9785 emanates to a certain extent 

from its effect on fatty acid desaturalion, particularly theGLA orerprodr'tir desaturation of linoleic acid, The latter is further de
saturated to GILA in S. platensis (Scheme I) and in P.In inhibitor-free mediumtile (i. fraction 


9 8
 
rf otne of the cruentum to GLA and perhaps to a-Ilinolenic acid, both of

SAN 7 5-resistant cultures, SRS-l [9] of S. platensis which are possible EPA precursors (Scheme I). Thus, we 
2340, had a high content of G(LA which reached 39.0 in hypothesized that GLA an EPA overproducers may be 
comparison with 33.3% in ithewild-type (Table 2). The found among SAN 9785-r,,sistant cell lines of S. plarensis
amount of 18:2 was reduced to 11.6 from 16.5% itn tle and 1'. cruentum, respectively, and suggested that this 
wild-type, resulting in a significant increase in R from 26.2 inhibitor could be ".:;,zed for inducing overproduction of 
to 42.2. The level of unsaturation of C1, fatty acids also these fatty acid-.. Indeed, in the presence of the inhibitor,
increased, in both S.platensis and P. crtuntumn, the growth rate of the 

li)S( t'.SION resistant cultures exceeded that of the wild-type, and the 
fatty acid composition was less affected [9]. Actually, theAlgal culures continuously exposed to aniagc- t that perturbation caused by the inhibitor to the fatty acid

inhibits fally acid desaturation thus causing growth cotposition and content of the culture resistant to 
inhibition, may develop resistance to tile growth inhibi- 0.4 niNl was less tIan that suffered by a culture freshly
lion of that inhibitor. Such resistance could be the result exposed to tonly 0.16 niM in I'. cruenturn and 0.2 mM 
of decreased uptake. reduced affinity or enhanced inhibitor itnS. platen.is. turn-

16:3 a, 1 8A4Ws 

:W-111 20:3W3 --b- 204W3 

16' --- ,li -*- isj --o- 182o -- b- 20:26 20:53 

Scheme t. Ptossible pathssays of polyunsaturated fatly acid biosyrlthesix in S. platenstts (underlined) and 
P. truentum. 

,r ' -.- ' r, (i'F. 
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In keeping with the lindings of Murata arid Nishida 
(16], it can be deduced that in Spirilin, being a cyano-
bacterium, only saturated and mono-unsaturated C,, 
acyl groups are incorporated into ( ls and esIernlied io 
the glycerol backbone at the sn-2 posilion; hence, any 
further desaturation is accomplishcd on C L-bound mio-
lecular species. Invoking thle R saluc is thus justified, 
being a measure or"C.-relaled ', desaluraliots, reac-
tions which are itost likclh to Ie atfcted by SAN 9785. 
Indeed, the R value iil lie (it. oftle resistant cultlure S RS-
I increased it) 42.2 as compared %kith 262 ii the wild-type. 

In P'.crueitiunm hiomass, the diflerences in I PA propor-
tions betweein the ssild-t)pe and the resistanl culture were 
not that greal. llowe cr, ecen wshien gro+lh wsas cor-
plelely arrested I-IPA proportion did fat go downti below 

24.81%1.([able 3).IThis reflects tihefact that the herbicide is 
known to inhibil desaiiratiOti of 18:2-coilaitiiig Gr.-
bound molecular species forted il the prokar)ottic pathi-
way, but not that of IS: 2-coilaining IL)s produiiced it the 
eukaryolie pathway [ 121 Ilded, by .opllpariso,, of tie 

respective G I. fractolons tile resiNlance t ) lie herbicide 
was deiioiisi.atd by al increase i, ISIPA itportllit)li to 
45.40. from 29 1"," i lie wId-t i p III tile pieseCnce of ilie 
inhibitor. Fle forimer salue .tlllost reached that of lite 
wild-type under inhibitor-free coindition1 150) 

Appareintly, there ire s+esral poisilile routes for the 
syn thiesis of hPA i,, ,iiicroal 't,I his c.tichnllon 5,as 

drawn from the lindtig lhit ii som1111 e.g. P.algiae 
crito.lntlli,SAN 9785 iihilits the foriialion of IFPA it, (I. 
[I0], while It )lters e. .'lii,i.. .silit'rrln's.s [Ill], 
(hroomnlnii., 5,1111,1and Noii, h~thri,p 1si. 117 J,itu/i, 1 
does not. We h) poliesi/ed thal ill l'irphiriduim, IIA is 
[te product of elongalion anid iurthter desaturatio, tf 
(-hound 18:3. The increase it, tie proportion of 2: 2 il 
GI. il the presentce of the iittibttor., its well as the 
oserproduction ol LlA in lIe ( I. of resistant cells Table 
4), support this i)potlI:sis. The resistanti hles will uti-
doubledl:, be offuilliet aid in hiicidatIng Itic blo) lhelic 
palhwa)s of EPA ii I'. trunionu. 

The grow Ili rate of the IreSIilit Cultures l [lie pIresenice 

of [lie inhibitor, although higher th,tn lhat of a freshly 
exposed culture wsas still los.r thii that f thfitcontrol 
culture. TIll 111,I)rellkCi lie fLA 1hi h1 htileCIictle Ills 
more thitt1 Otte SiI of aiCIOII lilhiit 11 Of [IN] haseC 

i
Shios t that SAN 978 cal 

o 
,s di:ei Inhlibitioii if pilhto-

S),,tthuiet electro tr~lisport We hlise recently d onii-
straIted [I0] that SAN ,) . whlch is k iios i it) be an 
inhihitor of tho A.15 s),i is I' 2,-6 hi IS Iml. ii 
chlorophast lipidis [ I I ], %s., ako ia.iaale Ohiilllhlhllllgtle-
AO )s1lti I. 2i1A to I . ,40. Ihli detli iiiii1,1I lhaiiile 
Vwldleraiige of tcitI tf ,1ilie colipouinid Yt aiollthlht 
exatple fol tile lck 4of plicihl Is lie hisci s1111111htL 
SAN 97K5 ils it s ,hi.i1,itlaoitI| Of 1-9 It 

)file h 
18.2(,o( il Spiridi,ihi Il is ilsli.ed hy ilea.millit-
lalioll of [he forletr ( I Jble II I Ins wdt, cilspl.|iSI 

esident iI, the PI. fraciion, swhich, ii, c)alobl~1hcerl., 
Cinsists iif iii..phalild)l glycerol IP1;holy. ihe ,arge 
inlcrease iif IN:1 it iist lpid hticti l prillaill)rtestule.h 

from the decrease inl 18:2 itid ilt frit thte decicuse Iii 
GLA w ltise ctntenlt wis alread) str) los. IIile 21 1ti 

hiigher plants, it has already beetn shown [19] that tile 
enzymes responsible for t:. desalurations of 18:1 to 18:2 
(A12)and from 18:2 to 18:3 in (i. anid PG are thesamc. 
Thus, it follows that there is a direct effcct ofSA N 9785 on, 
the A 12 systen in both PG and Cil. which may be 
independent of its effect on the All system. We are aware 
that further exploitation of this approach could be ham
pered by the reduced specihicity of the herbicide. Thus, 
more specific inhibilors such as tra tiion-stage a,,a
logues are being sought. 

The selected strain, S. phaii.sis 2341, was previously 
shown t) be very low il GLA 15]. Iiowevcr, it was used as 
all experiniettal tmodel with the assumptioi that a further 
reduction itt th already low GIlA il this strain would le 
more dctrinmental. resulting it a stronger selection pres

sure for tle appearance of GI.A ovr-producing liles. 
Curreitly, we ale cotducting similar selectiouis with 
strains of high ( LA co,,tett. We expect that further 
selectionf (CLA oser-prodicuilg Spirhni strains would 
make the production ofalgal 6l.A ecotomically feasible. 

IA liltIxt .PNt1At1. 

Oryait.nIsm. and iulture cots/iohun.S. .Spiridi/iii pii,-nlis 
2340 was obtained frotm tlie t nii ersity ofltxas Culture 
Coleciioun; strait lP was tiSlatcd from a local pond :it 
Btaii Pong, Tlailatd lPiirph ridiimirio-nitoi, strain I361. 
Id, was obtained from lte (ouIinigeni Algal (.ulture 
collection (.oetlitgei, (GermanyI. S"iii14 Cultures were 
cullusated oni Zarrouk's iiedium al 3(1 .is previously 
described [ 5, PIorlhiyrdiua iriiit mll was grosti ot 
Jonues' iiie-.ium [2)1. Stock cultures w.ere ,maiitaitned atid 
iof perforitied accordi, ref [211. PorldlirriliIIttnocula ii 
cultures were gr'wil iti +rlhelinl ,er flasks, placed ilt ain 
icuhator shaker and ill-1,iiiiated foiii at t ill t light 
Intensity of 11514F in ' se I under an air (O (99: 1) 

almosphere at 25 Cultures rce growsin exponenlially 
(witlih proper diluih0i1)uinde:r tile appropriate cinditiuns 
for ill least 4 days prior ito fihe 0ul, of lhe expl. The 
sMpilic growth rale "ias esillialed by Ielllasirenilels of 
chiloroph)II coici. 

.%lh Ititm i SAN..I'97 -reiv.anti Imes. Solts of SAN 
9785 i )n S()Ssete added it) po, eiially-growintg 
cultures [i litnal ciuci of DIS() itand controle it treated 
cultres did ntlt exceed I ' . Cultures of S plaiih.im, wsere 
cultled it the presence of 12 mN SAN 978 s,hich 
iiihiliied gossth h) ao 8Wt. Aftei seeral weeks of 
gi twilh in the preseince if iuuhiluor Iih ,Ioccasiotal 
" .,iitl11 %kth fresh liledluill Coitalll,,i11ig ,teiltlled Lolch. 
of hiei bicde thle g1ow ih lite gi.thiialh) liiik::ised to 
tppiii thia iCOIlIlr-1 :':lls li LIe0.I oh iihhiuto)lw itS 

llic 10a to (4 l1l81 ,iieA LthIIIUtre cllllild aS tle
scriled ab[tusefr soci ial ttiiiiths I'.rphwri/uamiruuilitiuu, 
cullics were slllilrly tretteud w ill al11 Iittil uuhillhtor 
Coltl of 0108 IIuN AIlii was gradutIly iliclseold in ;I 
u-,l{)ltth period to .) 16 andi) 32 I,,t. respectucl), flitally 
reactiti 04 nM. 'nhihitor-restsiani suhlities of S. iIlah-n 
si.s were oblaM:d bly filallietitl dhhill ('ulture SttSpett
suolts resistant tIo (4 tNI, hCilerbic wete diluted w-itlh 
inhibltit cottlati g midi n antd distribulteil to 5I c-il 
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tubes having on average haf a filament per test-tube. 
Tubes were incubated for a period of scveral weeks and 
those in which growth occurred were rescued. Cell lines of 
P. cruentun resistant to 0.4 mM of herbicide were oh-
tained by screening of the resistant suspension on agar 
plates containing 0.4 mM of inhibitor. 

Falt acid anal*.sis. Fatty acid composition and con-
tent were measured 3 days after exposure to inhibitor. 
Freeze-dried cells were transmethylated with MeOif--
AcOCI as previously described [22]. Ileptadecanoic acid 
was added as an int. standard. GC analysis was per-
formed on a Supelcowax tO fused-silica capillary column 
(30 m x 0.32 mm) at 2() (I1t). inj. and det. temp. 230',
split-ratio I: IMO. Peak areas were measured using an 
integrator. Fatty acid Me esters wecre identified by co-
chromatography witI authentic standards (Sigmal and 
by comparison of their equivalent chain length sallies. 
Fatty acid contents were determined by ref. to the int. 
standard. The data %hininrepresent mean values with a 
range (if less than 3% for major loser I10%of fatty acids) 
peaks and 10% for minor peaks, of 4 independent 
sattples, each aalMyscd ill duplicate. 
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Production Potential of Ficosapentaenoic Acid 
By Monodus Subterraneus 
Zvi Cohen 
The Lsboralory for Mltronlgal Biotechnology, Jacob Bflausteln InsIllute for Desert Flesnarch, Ben-Gurlon University of the Negev,
Seda noker Canipus 84993, Israel 

Interest in the polyunsaturated fatty nd elconnipentnenoic
,cid (EPA) na n therapeutic agent IPateadily increasing,
The microralgn Monods subterranets produces EPA,
which is concentrnted nhir:ly in the galactolipid fraction, 
as Itq major fatty acid. Nitrogen starvation increased the 
fatty acid content but reduced the proportion and content 
of EPA to 19.5% (of fatty acids) and 1.8% (of dry weight),
respectively. Cultivation under low light intensity or high
blomass concentration enhanced the proportion of EPA up
to 36.7% of fatty arids and the content to 4.4% of dry
weight. Maximal EPA productivity of 2.5.7 mg - L-1 • d-1 
wru obtained at the hiomn.qs concentration that reulted 
In the highest biomass productivity. Al. sAbterraneux is 
thus one of the moat pronrining cnndidnie for phototro-
phic production or EPA. 

KEY WORDIf) Agnl iL dr--arrnenlnnrc rndd.AtnnndxAsmntertnexR 
PUFA prMIcrli.on.------------- ............ 


Recent studies have dernonstrtled the therapeiutic poten-
tial of G,3 polyunsaturated fatty acids (PIJFA) in the treat, 
ment of various diseases and (isor(ers. inchding cardio-
vrcular problemsq, a variety of cancers and inflammatory
diseases (1). Som of the effects of wr3 fatty acids may be 
explained in terms of their ability to alter the balance of 
prostaglandin and leulkotriene eicoqnnoids, which mediate 
inflammatory and immune responses (2).

At pres.ent, the solo commercial source jf eicosapenaenoic
acid (EPA) is marine fish oiL Ilowex _r, satisfactory utilia-
tion of this source is hampered by several drawback'r, such 
as variations in oil quality and the presence of fatty acids,
such as arachidoic acid with antagonistic properties The 
exact composition and content of the (,,3 fatty acids in fish 
oils depend upon the season and the geographic location 
of harvest sites, as well as on the secies of fish and the 
availability and types of its primary food chain, namely
marine micro-organisms (3). Furthermore, it has been 
predicted that when ,w3 PIJFA come to be widely used as 
a prophwlactic drg. tie tael annual production of marine
fish oil would be in.sufficient to meet the worldwide demand 
(4). 

Several alternate sources of EPA have been intensively
studied, primarily fungi (5)and hvetmtroplhic (6)and pholo-
trophic (7)micronlga. 'Tihe.r sourcen could provide a trare 
concentrated source of EPA whose quality could be con-
trolled anr. thus could be fully utilized for production of 
pharrmnceutical-grnde EPA. Seto et aL (8,9) report'd the 
presence of EPA in Chlurrllaminrtissinia(Inter i& nLified 
as the eusigmatophyte Nannorhloopsis oculat). he red
alga/ brphyridimn cmentri is unique in that maxiaal EPA 
content of tlis alga is coincidentd with optimal grjwth rate
(10,11). Recently, Ybngmanitchai and Ward (12)r.ported the 
oCpimiznLion of EPA prxluction in the diatt-, Phaeodac-
tylum tricomutum. Nichols and Appleby 01 ) have shown 
that the eustignaLopllytP Afonods subter ',ineus coninins 
EPA, which is concentra!x mainly in mcogalactosyl di-
acylglycerol (MODG?. constituting 62% of Its fatty adds 
In r preliminary publication. Iwamoto and Sate (14) re-

ported the effect of envirrnmental conditions on lipid con
tent and EPA production in this alga. In this wo. we 
describe theoptimization of EPA content in M.subterrmneus 
by manipulation of environmental conditions. ThepotentLial 
for EPA proxuction of this alga was evaluated in comparison
with that of other EPA-producing alge. 

MATERIALS AND METHODS 

Grwth of cells. Alfonodus srbterraneusU'TEX 151 was 
obtained from the University of 'lbxas Culture Collection 
and cultivaLd on flG-1 I medium as described by lwamoto 
and Sate (14). Afonodus subterraneus cultures were grown
in Erlenmeyer flasks, placed in a New Brunswick (Edison,
NJ) incubator shaker (model G25) and illuminated from 
above at a light intensity of 115 gE - m - 1 . s - l under anair-CO2 (99:1) atmosphere at 25°C (unless otherwise 
stated). Cultures were grown exponentially (with proper 
dilution) under the apprrpriate conditions for at least fourday, prior to the onset of the experiment. The specific
growth ratr was estimated by measurement of the chloro
phyll concentration (15).

Liphi fractionarion. Freeze-dried samples of biomass 
were extracted by stnd grinding with chloroform/meth
anol/water (2:1:0.8) rccording to Bligh and Dyer (16).
Separation into neutral lipid, galactolipid and phospho
lipid fractions was performed with a silica gel cartridge
(Sep-Pak, Waters Division of Millipore, Miford, MS); and
the individual fractions were eluted successively with 
chloroform, acetone and methanol, respectively.

Fattyacid analysis. Freeze-dried cells or lipid extracts 
were transmthylnted with methanol-acetyl chloride, as 
previously describ'-,d (17). Ileptadecanoic acid was added 
as an internal sLan,',trd. Gns-chi'omatographic analysis 
was performed on a Supelcowax (Supelco,Bellefonte, PA)
10 fused-silica capillary column 30 m X 0.32 mm) at 
195'C (injector and flame-Ionization detector tempera
tures, 230'C, split ratio, 1:100). Fatty acid methyl esters 
were identified by co-chromatogrnphy with authenticstan
dards (Sigma Co., St. Louis, MO) and by calculation of 
the equivalent chainlength (18). Fatty acid contents were
determined by comparing each peak area with that of the
internal standard. The data shown represent mean values
with arange of less than 5% for major (over 10% of total 
fatty ncilds) peaks and 10% for minor peaks. of at least 
two independent sampleq, each niialyzAd in duplicate. 

RESULTS 
Fatty acid composition. The fatty acid analysis of A. 
subterranems revealed that, in keeping with previous
reports (13,14), EPA was generally the major fatty acid. 
Depending on the culture conditions, its ah.re of total
fatty acids rangt from 20 to 37%. Other major fatty acids 
were (in decreasing order) 16:lo7, 16:0 and 18:1c 9. Frac
tionation of the lipids on silica gel cartridges into neutral 
lipids, galactolipids and phospholipids demonstrated that 
EPA was located primarily in the galactolipid fraction, 
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TABLE 1 

Fatty Acid Composition of the Lipid Fractionm of Mnnodus subterroneuw 

Fatty add composition 
14:0 16:0 16:1 16:1 

(% of total fatty acids)
16:1Fraction a 18:0 18:1 18:1 18:2 18:3W11, w7' 18:3 20:3 20:4w5 EPAaC9 
 w7 co6lNeutrrl lipids' 4.4 27.2 0.9 

w6 ro3 W8 0812.6 0.4Galactolipidsd 1.3 16.9 1.10.7 19.0 0.9 0.8 0.4- 23.9 1.2 2.0Phospholipids' 0.2 0.5 2.3 0.5 0.4 8.80.4 24.3 - 0.3 0.3 0.217.8 1.7 1.2 4.4 1.5 49.31.4 2.6 32 0.3 0.6 8.5 31.9'Tentative assignment.
6EPA. eicosapcntaenoic acid.

'Fraction 
 eluted with chloroform. 
dFraction cluted with acetone. 
"Fraction eluted with methanol. 

yet it also constituted significant proportion of thea parametersphospholipids to 35.7 and 12.2%, respectively. As aand. to a qmaller extent, result,of the neutrallipids (Table 1). The other the EPA content increased from 3.1three major fatty acids to 4.4%.con- When semi-continuoustribu ted significantly to all the lipid groups but were con-
(daily dilution) and batchcultures were compared (Thble 3),centrated mainly in the neutral lipids. This finding was 

the proportion of EPA
especially and the content of fatty acids in the batch culture weretrue for 18:1, whose concentration in the neutral higher (36.7lipids (15.9%) was four to five times higher than that in 

vs. 26% and 12.1 vs. 10.7%, respectively). As
the other fractions (2-4%). As was the case for other algae 

a result, the overall amount of EPA was higher in thebatch mode (4.4(7), most of vs. 2.8%). No significant changesthe fatty acids of the were1 8 w6 family (18:2co6, noted:3wo6 and 2 0 thereafter,:4wo6) were concentrated in the phopholipid 
even though cell concentration wasallowed to reach 65 mg chlfraction. , L-1 (data not shown).

Effect of light intensity When cultures of Af. 
Th assess the EPA productivity ofM. subterraneus,the 

terraneuswere sub- biomass production and EPA contentbatch-cultivated at diffeent light inten-. of batch cultureswere determined and the EPA productivitiessities, the fatty acid content increased with decreasing were
light intensity ('Ilble 2). 

calculated (Fig. 1). Cultivation ofM. subterraneusat low- At a light intensity of 170pE, m ' s-', biomass concentration (200-300 mg. L the proportion {% of fatty acids) of EPA 1)and maximal 
reached 29.6%, and growth rate yielded a relatively low EPA content of 2.5%.the fatty acid content (% of dryweight) was Furthermore, because the biomass productivity was also10.4%. Reducing the light intensity2 to 90 low (less than 100 mg,pE • m- , s-I brought about an L-I • d--l), EPA productivity wasincrease in the two only 2-3 mg • L-I • d-1. At n high biomass concentration 

TABLE 2 

Effect ofLightIntensity on Fatty Acid Compoition of frods suberraneg,, 

Fatty add composition(%of total fatty adds}) FA content
Light intensity 1':0 16:0 16:1 16:1 16:1 18:0 18:1 

(% of dry wt)
- 18:1 18:2 18:3(pE m 18:3 20:3 20:42 a-1) collb .71 W5sb EPA TFA' EPAW9 w7 co6 o6170 w3 w6 w62.5 20.2 3.8 2,3.1 1.0 0.6 8.1 0.7 2.390 2.6 0.8 0.3 0.519.0 6.4 21.8 1.3 0.6 5.3 29.6 10.4 3.093.3 0.6 1.9 1.0 0.5 0.4 4.2 35.7 12.2"Culturea wee bath.-cjltivatod and harvested at the late exponential phase. 'TFA.total fatty adds: EPA, elcosaentc.nde 

4.36 

fatty adds. adds FA, 
ITentative assignment. 

TABLE 3 
Effect of the Mode of Cultivation on Fatty Add Composition and Content of Monodusubterranertsa 

Fatty add composition 
Cultivation 14:0 16.0 16:1 

(% of total fatty adds) FA content 
16:1 16:1 18:0 18:1 18:1 18:2 (%of dry wtmethod wil1 .7o 1 

W5 18:3 18:3 20:3 20:4 EPA TFA' EPAco9 .7 W6 W6Sen-continucus co3 coo co62.7 22.7 2.7 24.4 1.0Batch 2.3 0.8 9.3 It) 1.7 1.1 0.419.9 6.0 19.2 0.5 4.6 26.01.0 0.6 3.3 0.8 2.4 1.2 10.7 2.770.5 0.3ICultremwere cultivated at a light intensity of 170 pE - 4.0 36.7 12.1 4.42 m a for three daya I bat or by daily dilutIon to the Initial blomasscentration. Abbreviations conas in Table 2.bTentative assignment. 

JAOCS, Vol. 71, no. 9 (September 1994) 



943 
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FIG. 1.Changes in biomassL productivity, cospentaenoc acid (Et'A) 
content and EPA productivity during growth of Monodus subferrat,.cus In batch mode. Data were accumulated from several
experiments, 

Lof over 2000 mg• , the growth rate decreased but the 
biomass productivity increased up to 700 mg- L - 1• d-. 
Simultaneously, the EPA content increased to 3.5%, re-
suiting in an EPA productivity of 25.7 mg• L- 1 • d-1. 

TABLE 4 

Nutritional factors. Nitrogen starvation has been re
ported to enhance the fatty acid content in many species 
of algap (19). G3nerally, however, it is accompanied by a 
sharp decrease in the proportion of PUFA (7). A Japanese 
patent has claimed that when M. subterraneus was 

under a high CO 2 concentration (5% in air) for 
eight days in complete medium, and then harvested and 
resuspended in nitrogen-free medium for another 12 d, the 

biomass contained 36% fatty acids with an EPA 
proportion of 31%, amounting to an E PA content of 11% 
(20). 1 thus attempted to study each one of these effects
separately. Increasing the CO 2 concentration did not af
fect the fatty acid content but reduced the proportion of 
EPA to a mere 19.5%. As a result, the EPA content was 
reduced from 2.4 	 to 1.8% (Thble 4). Nitrogen starvation 
was effected by cultivation in complete medium during 

in nitrogen-free medium and further cultivation for an
other 12 d. Although the fatty acid content increased to 
a record hgh value of 16.6%, the proportion of EPA plum
meted to just 11.2%. Consequently, the EPA content was 
reduced to 1.9% (Tahble 5). 

DISCUSSION 
EPA is the major fatty acid in the eustigmatophyte M. 

subterrancus.As is the case for most other EPA-cor,tain
ing microalgae, EPA is concentrated mainly in the galactolipids. Reverse-phase high-performance liquid chromo

p
tography analysis of MGDG, the major galactolipid,
showed the major molecular species to be 20:5/20:5,
20:5/16:1 and 20:5/16:0 (data not shown). Increases in EPA 
were accompanied by decreases in the proportions of 
16:1w7, 16:0 and 18:1(,9 fatty acids. As these are the 
predominant components of neutral lipids, this shift is in
dicative of a change in the ratio of galactolipids to neutral 
lipids. 

Effect of CO on the Fatty Acid Composition ofMonodus subrr:'nncuIA 

CO2 concentration 14:0 16:0 16:1 16:1 16:1 

Fatty acid composition 
% of total fatty acids) 

18:0 18:1 l:I 18:2 10:3 18:3 20:3 20:4 EPA 

FA content 
(% of dry wt) 
TFA EPA 

%) 	 1 .7' w5' w9 w
7 

1 3.5 23.1 2.1 26.7 1.2 0.7 7.8 0.9 
5 3.7 26.7 0.7 28.0 0.9 0.6 9.1 1.4 

-aCultures were cultivated at 25°C at a light intensity of 170 pE 11m2 s'. 
bTentative assignment. 

TABLE 5 

w6 w.6 w3 w6 w6 

1.6 0.9 0.3 0.8 4.3 25.7 9.49 2.43 
3.6 0.4 0.2 0.3 3.9 19.5 9.43 1.84 

Abbreviations as in Table 2. 

Effect of Nitrogen Starvation on the Fatty Acid Composition and Content of Monodus sublerraneuan 

14:0 16:0 16:1' 
Culture 

Control 3.9 25.9 2b.2 
N-starved 3.6 28.5 30.8 

Fatty acid composition (1%of total fatty acido) 
18:0 	 18:16 18:2 18:3 b 

20:3 
w6 w6 

0.8 6.9 3.2 0.6 0.2 
2.0 13.8 3.1 0.7 0.2 

Fatty acid content 
(%of dry wt) 

20:4 EPA TFA EPA 
w6 

4.6 25.5 	 13.3 3.38 
5.8 11.2 	 16.6 1.86 

'Cultures were grown in columns at 27 *C. Exponential cultures were harvested, centrifuged and resuspended in N-free medium. Cultiva
tion was continued for an additional 12 d. Abbrev;ntions as in Table 2. 
Totd isomers. 
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-Data not available.
 
SC, aeml-continuoun cnltivation (daily dilution).
 

Iwamoto and Sato (14) showed that the EPA content 
ofM. subterraneus was inversely related to temperatureand that the highest content was obtained at 20°C They
found, however, that EPA productivity was maximal at25-C, because the growth rate was optimal at this temp-eratura Preliminary experiments (data not shown) con-firmed these findings, and thus most of the experimentswere conducted at that temperatire.


Cultivation conditions 
had a profound effectcomposition and content of the fatty acids in A. 
on both 
subter-raneus. The fatty acid composition was influenced by theamount of light available to the cells. Under conditionsconducive to a high growth rote, the fatty acid contentwas low, as vas the proportion of EPA. Therefore, EPAcontent in Al. subterraneus may be increased by cultiva-tion at low light intensity or high biomass concentration,However, under these conditions the growth rate isreduced, and therefore the biomass and, consequently, theEPA productivities, are also reduced. This finding is inkeeping with previous reports concerning N. oculata(8,21)and M. subterraneus(14). The red microalga P cruentumir, however, exceptional in that the proportion of EPA isdirectly related to the growth rate (10).

The highest EPA content was obtained toward the endof the exponential phase of growth (Fig. 1-although
growth rate is already reduced at this stage, biomass pro-ductivity is at its highest and EPA content is close to itsmaximum Thus, high EPA productivities could be main-tained by semi-continuous cultivation, keeping the highest
cell concentration that will still sustain the highestbiomass productivity. 


Yongmanitchai 
and Ward (12) evaluated several algalspecies with respect to their capacity to produce EPAunder a parlimlar set of conditions, namely, batch cultiva-tion at 20'C.They concluded that P tricornutum UTEX640 was the most promising EPA producer. However, lightand temperature optima for growth rate and EPA produc-tion may vary significantly from one alga to another,Thus, a more valid evaluation may be obtained by coin-paring individually optimized EPA productivities of the
respective algal species (Thble 6). 

EPA productivity (PEM), as expressed in Equation 1,Is a function of four parameters-the EPA proportion of 

J7220-4 

Z. COHEN 

TABLE 6.
 
Comnparson of Eicoanpentaenlc Acid (EPA) Content and Production Rate in Varlous Species of AMtiroalgae
 
Algal species Cultivation


conditions EPA content EPA productivity(%of dw) (rag •LMaannochlompsisoculnta 
-
1 d - 1) ReferenceBatch, low lightN. oculata Butch, high light 3.7 (21)Porphyridiuim cruentum -Batch, light-dark cycle 5.6 (21)MonodmLi subtermne,s 3.3SC6. high, continuonus light, high cell 19 (12)concentration 3.4 25.7 '1.4work 

where 
 CEPA = %ErA "CFA 121 

and Pa = X [3] 
N. oculata (21) had the highest proportion of EPA,which reached 44% at 20'C. However, the fatty acid content and the growth rate were depressed, because at thistemperature both CErA and Pt were low, and EPA productivity was only 3.7 mg • L 1,d-. At 25°C the EPAproportion was lower and the growth rate was muchhigher. Consequently, EPA productivity increased to 5.5ng L-1  d-1. Similar findings were obtained for Rtricornutumn(12).The EPA content decreased from 5% at20'C to 3.3% at 25°C, but the growth rate increased,enhancing EPA productivity to 19 mg  d-'. Pcntnt 
is unique in that its EPA proportion was maximal under conditions resulting in the highest growth rate(10). However, maxi,.al biomass productivity was obtained at a biomass concentration that w&higher thanthat responsible for the highest growth r, a Increasingthe biomass concentration decreased the EPA proportionand content, counterbalancing the Increase in biomassproductivity. In A. subterraneus,the EPA proportion aswell as the fatty acid content were high, if not maximal,at a relatively high biomass concentration. Consequentto the high biomass productivity and high EPA contentobtained, the EPA productivity was as high as 25.7 mg . L-1 ,d-. This value was not optimized, and it islikely that even higher EPA productivities could be

obtained. 
Outdoor studies are needed to identify the most promising EPA producer. Outdoor conditions are significantiy different from laboratory conditions with respectto temperature, light intensity and light/dark regimes. Forexample, Veloso et aL (22) recently reported an outdoorEPA productivity of 0.15 g •m -2 d- 1 (corresponding to-
as little a,, 1.5 mg . L •d-1) in P tricornutum The costof product'on of biomass and the cost of EPA obtainedwill determine the economic potential of thf.3e algaebecause EPA productivity is but one of the clitoria re

quired for this evaluation. 

fatty acids (%rEPA; the fatty acid content (CrA); the speci- ACKNOWLEDGMENTSfic growth rate (p) and the biomass concentration (X) atharvest. The product of %EPA and the CrA gives the EPA 
T1e competent technical asnistance of Shoahana Didi Isgratefully

content (CEpA), acknowledged. This resarch was supported Inpartunder Grnt,aand the product p •X gives the biomass DPE,6oss.4- - o88 1 7 -O, US.-Israel Cooperativeproductivity (P5 ) (Equations 2 and 3, respectIvely): International DevelopmenL 
DevelopmentResearch Program, Office of the Science Advisor, U.S Agency forThis iscontribution No, 63 from the 

PEPA = CEPA *Pa 
Laboratory for Micralgal Blotechnology, Jacob Blustein InstituteIII for Desert Research. 

JAOCS, Vol. 71, no. 9 (September 1994) 

B3EST AVAILAPI ECoryv 

http:maxi,.al


J7220-5 

RUNNING TITLE? 

REFERENCES 

10. Cohen, Z.,A. Vonhak and A. Richmond, J. Phycol 24:328 (1988).

1. Simopoulos. 11.A.P.,J. Nutr. 119.521 (1989). Cohen, 7, S Did[ and Y.M. Helmer,PlantPhysioL98.66911992.12. Yongmanitchal,2. Samuelason, B., Science 220,.568 (1983). 
W, and O.P. Ward, Appl Environ. MiembloL 

3. Yamada, II.,S. Shimlnj 57:419 (1991). 
51:785 (1987). 

and Y. Shinmen, Agric. Blo. Cem. 13. Nichols. I.W., and R.S. Appleby, Phytochen 8:.1907 (1969).
4. Bimbo,A.P., J. Am. 14. lwnmnt, I.,Oil C/em.So&c64:706 (1987). 15. 

and S. Sato, J. Am. Oil Cem.Sor 6.7.434 (1986).
5. Vonshak, A., in Handbook )fMicralgaIMassCulture, editedYanada. 11, S Shlmiu, Y.Shinmen. K. Akimot, ILKwnashima by A. Richmond. CRC Prmrt.i,and S. Jarconlitmongknl, In lndusriallApplicationvofSingle Boca Raton, 1986, p. 117. 

Cell Oils, edited by DJ.Kyle, 
16. Bligh, E.G., and WJ. Dyer. Can. J. Biochem. PhysoL 37:911and C. Ratledge, American OilChemists'Society,Champaign, 1992, p. 118. (1959).
17. Cohen. Z., and6. Kyle. D.J., S.Cohen, J. Am. Oi,Cherm.V.J. Sicotte. J.J.Singer and SE. Reeb,Ibid, p. 287. Soac 68:16 (1991).

7. Cohen, Z., II.A. Norman and Y.M. 18. Jamieson, G.R., J. Chror LIleimer, in )1a4 ',:1971.iHbrldReuiew of 19.Nutritionand Dietetics:Plonts in Iluman Health. edited by 
Ben Amotz, A., and TO. 'lbrnabene, J.. p. Py 21:72 (:985).


Simopoulus, A.P.. Academic Pres.us, 
20. Meji Milk Products Ca. Ltd., Japan Kokal Tokyo Koho JP 60
1994. In pre .8. Setck A., IlL 87,798 (1985);Wang and C.W Ilesseltine, .Am. Chem.Abs. 10,7:121762.

61:892 (1984). Oil Chem. Soc 21. Snkenik, A., J.PhycoL 25:686 (1989).
2Z Velos, V., A. ljs, 
 L. Gouveia, ILL. Fernande, J.A. Empis and9. Seto,A., K. Kumasaka. M. llosaka, E. Kojima. M. Kashiwalmra J.M. Novais, Bioresource 7 
and T.Kato,In Indu.trilApplictionsnf Single Cell 

chiogy 38:115 (1991).OiLs, edited
by D.J.Kyle, and C. Ratledge,American Oil Chemists' Society,
Champaign, 1992, p. 219. 

[Received January 11,1994: accepted May 31, 
 19941 

BEST AVAILABLE COPY 

JAOCS, Vol. 71, n. 9 (September 1994) 

0.1
 


