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3. Executive Summary
 

The purpose of this project was the development of the cyanobacterium
 

Spirulinaas a source of chemicals. This alga contains relatively large concentrations of 

the pharmaceutically valuable fatty acid y-linolenic acid (GLA), and of tile commercially 

important pigments phycocyanin and xanthophylls. The project aimed at: a) identifying 

the nutritional and environmental conditions affecting the biosynthesis of these 

chemicals in an attempt to optimize ,b-ir production; b) isolation of GLA-overproducing 

mutants of Spirulina;c) development of an extraction and separation scheme for these 

chemicals. 

We have succeeded in all three targets as detailed in the seven scientific papers 

(attached) 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 GLA content in one strain 

from 1 tu 1.1% (of dry weight). This is the highest GLA content ever reported for 

Spirulinaor any other alga. 

The project developed skills and created know-how in the physiology of fatty acid 

production, fatty acid analysis and algal cultivation. Furthermore, based on the findings 

of this project and the accumulation of know-bow, a commercial plant for Spirulipla 

cultivation was established by the co-investigators in Thailand and the ewners of a 

Casawa i'actory (see attached report of the Thai group). The Spirulinaponds takes 

advantage of the mineral and carbon rich effluents of the Casawa plant. Thus, tle 

ponds serve for both purifying the effluent and production of Spirulina.The product is 

sold as feed for ornamental fish owing to its high content of xanthophylic pigments. 

Furthermore, the Thai group is independently continuing the research along the lines 

delineated in this project with funding obtained from local sources. 

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

general, output as well as quality of work performed were not as high as could have 

been expected, partly due to the !ack of a basic scientific methodology, primarily in 

areas such as designing experiments, drawing conclusions and assessment of data. 
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Their tardiness in reporting was a continuous subject of our correspondence. However, 

this should not be interpreted as a sign of ill will or lack of cooperation. We have 

observed a dramatic improvement in their ability for scientific expression and to design 

and conduct experiments independently during the course of this research. 

It is the feeling of this P.1 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 

This project was designed to take advantage of the natural advantage of 

Thailand as a place for large-scale algal cultivation, primarily Spirulina.Thailand is one 

of the world's main Spirulinaproducers. The Spirulinabiomass is marketed as hea-L 

food catering to a limited market. We perceived that it could be produced in a much 

larger scale if it can be developed into a source of valuable chemicals. 

Our main efforts were concentrated in developing methods for production ofy

linolenic acid (GLA) from Spirulina.Our basic hypothesis vas that if we find an 

inhibitor to the biosynthesis of GLA which will also inhibit growth, then perhaps by 

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

inhibition by overproducing GLA. This can be proved by a consistent GLA 

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

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

we have managed to isolate similar mutants of the alga Porpl.yridium which 

overproduces cicosapentaenoic acid (EPA). Similar results were since reported in other 

algae by other scientists (1). As mentioned above an independent follow-up research is 

currently conducted by the Thai coinvestigators with local funding. 
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5) Methods and Results 

The results obtained in this project are detailed in the enclosed 7 papers which 

were published or submitted to various refereed scientific journals. One more paper is 

currently being prepared by our co-investigators. The following is a synopsis of our main 

findings. More data is provided in the attached report of the Thai group. Unfortunately 

the late arrival of the latter did not allow for an integration of the data and a unified 

format. 

INTRODUCTION 

Recent studies have shown that y-linolenic acid (18:3(o6, GLA) is of potential 

value for lowering low density lipoproteins in hypocholesterolemic patients (2), for 

alleviation the symptoms of the pre-menstrual syndrome (3), and for treatment of 

atopic eczema (4). 

GLA is found in eening primrose, black currant (5) and borage (6), as well as in 

cyanobacteria (7) and fungi (8). However, large scale cultivation of these fungi is not yet 

feasible while the GLA content in plants is either low (8-12% of fatty acids in the seed 

oil) or is accompanied by other fatty acids (e.g., 18:4) of undesired properties from which 

separation could become very expensive in a large scale. 

Spirulinais so far the best algal source for GLA. It is a multicellular, filamentous 

cyanobacterium. Typical are S. platensisand S. maxima which profusely populate 

certain alkaline lakes in Africa and Mexico (9). Several properties make this alga an 

outstanding candidate for outdoor cultivation. It is both thermophylic, the optimum 

growth temperature being 35 to 37 OC and alkalophylic, with a pH optimum of about 

10. These properties provide an ecological niche which facilitates the maintenance of 

monoalgal cultures outdoors. 

Commercial production of Spirulinawas attempted in several countries, 

primarily for health food but also for food, pigments and fish feed. It contains several 

pigments of economic interest. Phycocyanin, a blue proteinaceous pigment, which 

ccnstitutes up to 25% of the algal dry weight (10), was introduced in Japan as a natural 

coloring agent for feed and cosmetics. The alga also contains zeaxanthin, a xanthophylic 
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pigment which was shown to be effective in enhancing fish and shrimp pigmentation 

(11). 

Pharmaceutical applications will probably require preparations of considerably 

higher concentrations of the respective PUFA. There are several physoiogical 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, non of these 

methods were shown to be effective for cyanobactoria and even in eukaryotic algae 

their effectiveness with regard to production rate is limited due to the decrease in 

growth rate and in many examples also in the PUFA j;:oportion of fatty acids (12). 

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

S. platensisby physiological and genetic means as well as chemical methods for the 

separation and purificatiGn of the various valuable chemicals obtained from these 

organisms. For the first time, selection of GLA overproducing lines of S. platensisis 

described. 

MATERIALS AND METHtODS 

Organismsandcultureconditions. S. platensisstrain 2340 was obtained from the 

University ofTexas Culture Collection and was cultivated on Zarrouk's medium at 30 
OC as previously described (13). Stock cultures were maintained and inocula performed 

according to Vonshak (14). 

Selection of SAN 9785 resistantlines. Solutions of SAN 9785 in DMSO were added to 

exponentially growing cultures. Cultures of S. platensiswere culivated in the presence 

of 0.2 mM SAN 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 herbicide) the growth rate gradually 

increased approaching that of the control cells. The concentration of the inhibitor was 

increased to 0.4 mM and the culture was cultivated as above for several months. 

Inhibitor resistant lines of S. platensiswere obtained by filament dilution. Culture 

suspension resistant to 0.4 mM herbicide was diluted with inhibitor-containing medium 

and distributed to 50 test tubes having on the average half a filament per test tube. 
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The test tubes were incubated for a period of several weeks. The test tubes in which 

growth occurred were rescued. 

FattyAcid Analysis. Freeze dried samples ofbiomass were trans-methylated with 

MeOH - Acetyl chloride and analyzed by CC as previously described (Cohen et al., 

1987*). 

Lipidfractionation, Lipid fractionation and formation of urea inclusion complexes 

were performed as previously reported (Cohen et al., 1993b). 

RESULTS AND DISCUSSION 

Influence of environmental factors on GLA content 

By proper choice of strains and growth temperature, it was possible to increase 

the content of GLA in Spiruiinato 31.7% of total fatty acids and 1.4% of dry weight 

(48). Increasing the cell concentration of Spirulinacultures under either batch or semi

continuous conditions resulted in an enriched content of fatty acids and thus of GLA. In 

batch culture, the fatty acid content increased from 3.5% to 6% (of dry weight) after 7 

days while in a daily diluted culture, the fatty acid content did not change significantly 

and ranged between 3.5% and 3.7%. Since the GLA proportion of fatty acids did not 

change significantly in the batch, the overall GLA content still increased by about 25%. 

Increasing the cell concentration under either batch or semi-continuous growth 

conditions resulted in enhanced fatty acid and therefore GLA contents. However, the 

effect of the increase in the fatty acid content on the GLA content was partly negated 

by a slight decrease in the GLA proportion (Table 1, Cohen et al. 1993b). GLA was 

primarily concentrated in polar lipids and especially in GLs (92% oftotal GLA), while 

neutral lipids contained only very low proportions ofcellular GLA (1.5%). The decrease 

in the proportion of GLA may indicate a larger proportion of NL in newly synthesized 

lipids than in lipids of exponentially growing cells. However, this increase was not 

exclusively made of NL since the overall increase in GLA content indicates a net 

increase in GLs. At higher cell concentrations corresponding to stationary phase 

conditions the iacrease in fatty acid content resulted to some extent from an increase in 

NLs, hence the decrease in both the proportion and the content of GLA. These results 

* References cited by name and year are attached. 
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are in keeping with earlier findings demonstrating an increase of fatty acids and GLA 

contents of various Spirulinastrains cultivated under lower light intensities (Cohen et 

al., 1987). This effect could be related to the reduction in growth rate at higher cell 

densities or low light intensities, or could directly evolve from the effect of light intensity 

on cell biochemistry. However, reduction of the growth rate by increasing the salinity 

did not enhance the fatty acid content which remained unaffected at low salinities (0.1

0.75 g L-') and even decreased at high salinities (1.5 g L-1 and beyond). The cell 

concentration-dependent increase in fatty acid and GLA contents could be 

demonstrated in both the wild type strain BP and its GLA-overproducing variant Z19. 

Thus, it seems that the combination of two methods we have developed for increasing 

GLA content, namely, the use of GLA-overproducers and cultivation at higher cell 

concentrations, could be employed for a further enhance of the GLA contents in 

Spirulina. 

Increasing the cell density also resulted in higher chlorophyll and phycocyanin 

contents. The latter more then doubled, from 10.4 under a high dilution rate to 22.4% 

under a low dilution rate (Table 1, Cohen et al., 1993b). Thus, the increase in cell density 

resulted in an increase in the content of the two major products ofSpirulina,GLA and 

phycocyanin. However, since maximal biomass productivity will be obtained at lower 

cell densities, optimal productivities of these products will probably be reached at some 

intermediate value. 

The high cost of production ofSpirulinaand the low content of GLA has so far 

prevented it so far from becoming a source of the latter. However, we believe that a 

concerted extraction of GLA, phycocyanin and xanthophylls, concurrent with a further 

decrease in the cost of production will contribute to the emergence of an economically 

viable process. 

Selection of overproducers 

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 indeed shown in higher plants that among lines selected 



9 

for resistance to the growth inhibition some over-produced the metabolite in question 

(15-17). Mutants of Spirulinashowing elevated production of proline were obtained by 

selection in the presence of proline analogs (18). Similar results were obtained in the 

cyanobacterium Nostoc (19) and the alga Nannochlorisbacilaris(20). 

Several herbicides of the substituted pyridazinone family were shown to inhibit 

fatty acid desaturation. Of these, SAN 9785 is the most effective inhibitor of (o3 

desaturation (21) and its effect on reduction of 18:303 levels in the glycolipids of higher 

plants and algae was wid .ystudied (21). The site of inhibition was proposed to be the 

desaturation of 18:2 on MGDG (22). 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 (23). We found (24) this herbicide to be an effective inhibitor 

also for A6 desaturation of linoleic acid in Spirulina, i.e., the conversion of 18:2 to GLA 

(Scheme 1, Cohen et al., 1992b). 

We have also shown (Cohen and Heimer, 1990) that Norfiurazon, another 

substituted pyridazinone which is known to inhibit carotenoid biosynthesis and 

chlorophyll accumulation and consequently growth (25), inhibits fatty acid desaturation 

as well, primarily the A6 desaturation. Its effect on the A6 desaturase is two orders of 

magnitude higher than that of SAN 9785. Almost all the GLA in S. platensisare located 

in the glycolipid- which are important components of the photosynthetic apparatus. 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 

in the systems leading to these fatty acids. Although Norflurazon is a more effective A6 

inhibitor, we have chosen to employ SAN 9785 for the Spirulinastudy due to the 

significant effect of the former on pigment accumulation. Attempts to obtain resistance 

would apparently require a mutation in two independent sites. 

Maximal growth inhibition of S. platensisby the herbicide SAN 9785 was 

observed at 0.8 mM. Yet even at 0.4 mM, growth was arrested after a few days and the 

culture collapsed therefter (Fig. 1, Cohen et al., 1992b). Exposure ofS. platensis to 

SAN 9785 uesulted in decreases in 18:3(o6 and 18:2 and in increases in 18:1 and 18:0 
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(Table 1, Cohen et al., 1993a). In the presence of 0.4 mM SAN 9785, the proportion of 

18:3 declined from 19.6% (of total fatty acids) in inhibitor-free medium to 12.4% and 

that of 18:2 from 25.6% to 22.5%, while 18:1 increased from 2.6% to 11.3% and 18:0 

from 1.0% to 3.2%. The fatty acid content was also affected and was reduced from 4.9% 

(of dry weight) to 2.7%, resulting in a drastic reduction of the content of 18:3 from 0.96% 

to 0.33%. 

It is reasonable to assume that the growth inhibition incurred by this herbicide 

emanates to a certain extent from its effect on fatty acid desaturation, particularly the 

transformation of linoleic acid. Linoleic acid is further desaturated to GLA in S. 

platensis.Thus, we hypothesized that over-producers of GLA may be found among SAN 

9785-resistant sublines ofS. platensis. 

Clones of these algae which are resistant to the growth inhibition ofSAN 9785 

could indeed be selected from the wild type (Fig. 1,Cohen et al., 1992b). Sublines 

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

concentration in the growth medium. In the presence of this concentration the resistant 

cultures continued to grow, though at a reduced growth rate, while the wild type 

collapsed after a few days (Fig. 1, Cohen et al., 1992b). When brought back to inhibitor

free medium, their respective growth rates were back to normal. The resistance was 

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

apparently adaptive change of a genetic nature. 

Relative to the wild type the resistance in Spirulinawas associated, as 

predicted, with elevated levels of GLA both in the presence and in the absence of the 

inhibitor (Table 1, Cohen et al., 1992a). In inhibitor-free medium GLA increased from 

21.2% (of total fatty acids) in the wild type to 23.6% and 22.8% in the resistant isolates 

SR1 and SR3, respectively. The proportions of 18:0, 18:1 and 18:2 decreased (Table 1, 

Cohen et al., 1992a). The two isolates, had an improved fatty acid content of 5.55% (of 

dry weight) and 5.34%, respectively, compared with 4.50% in the wild type. Even more 

apparent was the increase in GLA content on a dry weight basis, from 0.95% in the wild 

type to 1.31% and 1.22% in SRI and SR3, respectively. 
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It is difficult at present, to point at the mechanism(s) of resistance to the 

herbicide. Murphy et al. (21) have shown that the uptake of SAN 9785 varies in 

various plants. They have further shown that the herbicide was rapidly metabolized in 

pea but only gradually in cucumber and ryegrass (21). Other possibilities could be a 

modification of the target enzyme to reduce its affinity to the inhibitor or the increase in 

the level of the relevant enzyme (22). The increase of GLA in S. platensismay be 

attributed to one of the last two mechanisms. Thus, over-production could be a means 

for counte'acting the effect of the herbicide. 

The establishment of herbicide resistance would also be advantageous for large 

scale cultivation of Spirulina.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 cf fatty 

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

correct. Further exploitarion 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. 

GLA purification 

While saturated and monounsaturated fatty acids could be efficiently removed 

by the formation ofurea adducts, it is the PUFAs 16:3 and 18:2 that are more difficult 

to eliminate. Therefore, in order to concentrate and separate GLA from other PUFAs, a 

preliminary fractionation step of the oil was undertaken. Fractionation of the Spirulina 

oil yielded a fraction (GL) which contained the lion share of GLA. Moreover, virtually all 

the 16:3 and most of the 18:2 were restricted to the NL and PL fractions respectively. 

Indeed, the GLA content of the GL fraction increased to 90.5% following the urea 

treatment, while a similar treatment of the total lipids resulted in only 79.7% GLA 

(Table 3, Cohen et al., 1993b). 
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The silica gel fractionation process achieved yet another goal, i.e., the separation 

of the zeaxanthin containing xanthophylls, which were found in the NL fraction. Since 

very little GLA was present in the NL fraction and the bulk of it was restricted to the 

GL, the fractionation enabled the practical separation of GLA and zeaxanthin. For 

obtaining high purity GLA, the GL fraction can be isolated by an acetone wash. For 

higher yield, the last step can be replaced with a methanol wash, resulting in elution of 

the GL and PL fractions together which comprised 93% of cellular GLA. Extraction of 

the third valuable product, pbycocyanin, should however take precedence in order to 

avoid its denaturing by contact with organic solvents. In order to take advantage of the 

various chemicals in Spirulina,a fractionation scheme allowing for optimal recovery 

and purity was devised (Fig. 3, Cohen et al., 1993b): 

6) Impact, Relevance and Tecluiology Transfer 

The results of this project were already implemented in the establishment of a 

Spirulina production plant that utilizes Casawa effluents. The product is used for fish 

feeding and is valued according to its pigment content. The co-P.I. of this project, Dr. 

Tantizharoen, is the scientific advisor of this plant. We believe that should more work 

be invested towards the isolation of GLA-overproducing strains, growing Spirulina on 

Casawa effluents would be even more economic due to the increase in the value as well 

as the market of the product. Indeed, research along that line is currently conducted by 

the co-P.I. with local funding. 

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

did not exist there, such as indoor and outdoor algal cultivation; Selection of mutants 

and basic biochemical and physiological methodology. Being able to supervise the 

operation of an algal production site which is by no means an easy accomplishments is 

an evidence to the successful implementation of these methodologies. 
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7) Project Acti ities / Outputs 

Meetings 

1989 	 M. Tanticharoen, N. Jeeyashok & B. Bunnag. Pilot plant scale production of
 

Spirulinausing Tapioca starch waste water. 15 th Science and Technology
 

Conference of Thailand, Chiangmai University, October 18-20.
 

1989 	 M. Tanticharoen, M. Reungjitchachawali, S. Vetayasuporn & P. Chitnumsub. 

Effect of environmental conditions on fatty acid composition of SpirulinaBP-1. 

15 th Fcience and Technology Conference ofThailand, Chiangmai University, 

October 18-20. 

1989 	 M. Tanticharoen, S. Vetayasuporn, P. Chitnumsub & M. Reungjitchachawali. 

Extraction of fatty acid and pigments from Spirulina.15 th Science and 

Technology Conference of Thailand, Chiangmai University, October 18-20. 

1990 	 Z. Cohen & Y. M. Heimer. Linolenic acid desaturase inhibitors as toois for 

selection of GLA over-producing lines in Spirulina.International Symposium on 

Plant Lipids, Wy2 England. 

1990 Z. Cohen, Production ofpolyunsaturated fatty acids by microalgae, Workshop 

on AID/SCI Funded Research in Agricultural Biotechnology, Kasetsart 

University, Bangkok Thailand. 

1990 N. Jeyashoke, B. Bunnag & M. Tanticharoen. Pilot plant scale production of 

Spirulinausing Tapioca starch waste water: Effect of supplemented fertilizers 

on productivity. Paper presented at the 5 th International Conference of the 

Society of Applied Algology. Recent Advances in Algal Biotechnology, Israel, 

January. 

1990 M. Reungjitchachawali, S. Vetayasuporn, P. Chitnumsub & M. Tanticharoen. 

Study on the fatty acid composition of SpirulinaBP-1. Paper presented at the 

5 th International Conference of the Society ofApplied Algology. Recent 

Advances in Algal Biotechnology, Israel, January. 

1990 P. Chitnumsub, S. Vetayasuporn, M. Reungjitchachawali, M. Tanticharoen & 

K. Krisnangkura. Extraction of fatty acids from SpirulinaBP-1. Paper 



14
 
presented at the 5 th International Conference of the Society of Applied
 

Algology. Recent Advances in Algal Biotechnology, Israel, January. 

1990 M. Tanticharoen, et al. Research and development on Spirulinaproduction for 

feeds and chemicals. Paper presented at Seminar on Biology for Agro-Industrial 

Wastes Managenent, Bangkok, Thailand, February 5-6. 

1990 M. Tanticharoen, et al. The cultivation ofSpirulinausing Tapioca starch waste 

water. Paper presented at Regional Seminar on Management and Utilization of 

Agricultural and lidustrial Wastes, Kuala Lumpur, Malaysia, March 21-23. 

1990 P. Vongtaweesuk, C. Wautawin, M. Tanticharoen, B. Bunnag, N. Ieyachoke & 

S. Bhuminatana. The use of C02 as carbon source for Spirulina. 16 th Science 

and Technology Conference of Thailand, Khonkaen University, October 25-27. 

1991 P. Vongtaweesuk, B. Bulnag & M. Tantichairoen. Effect of light-dark cycle and 

temperature on fatty acid composition ofSpirulinaplatensisBP. 17th Science 

and Technology Conference of Thailand, Khonkaen University, October 24-26. 

1991 P. Vongtaweesuk, M. Tanticharoen, A. Petiraksakul, S. Bhumiratana, 

Suwanayen, B. Bunnag & N. Jeyashoke. industrial scale cultivation of 

Spirulinc,using Tapioca starch waste water. 17 th Science and Technology 

Conference of Thailand, Khonkaen University, October 24-26. 

1991 P. Chitnumsub, M. Tanticharoen, S. Bhumiratana & S. Suwanayuen. Solvent 

extraction of gamma-linolenic acid from Spirulina. 17 th Science and Technology 

Conference of Thailand, Khonkaen University, October 24-26. 

1992 W. Siangdung, M. Tanticharoen & B. Bunnag. Effect of Sandoz 9785 on 

gamma-linolenic acid (GLA) in Spirulina.First Asia-Pacific Conference on Algal 

Biotechnology, University of Malaya, Kuala Lumpur, January 29-30. 

1992 L. Chanawongse, M. Tanticharoen & B. Bunnag. Photoinhibition in Spirulina 

and its recovery. First Asia-Pacifih Conference on Algal Biotechnology, 

University of Malaya, Kuala Lumpur, January 29-30. 
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1992 	 M. Tanticharoen, B. Bunnag & S. Bhumiratana. Mass cultivation ofSpirulina 

in Thailand. First Asia-Pacific Conference on Algal Biotechnology, University of 

Malaya, Kuala Lumpur, January 29-30. 

Training 

Marasri Reungjitchachawali attended the algal biotechnology course held in our lab on 

5/89. 

Morakot Tanticharoen (co-P.I.) visited cur lab on 6/89. 

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

Wipawan Siangdung attended the algal biotechnology course held in our lab on 5/91. The 

P.I. is a co-advisor in her M.Sc thesis. 

Publications 

1987 Z. Cohen, A. Vonshak & A. Richmond. Fatty acid composition in different 

Spirulinastrains and under various environmental conditions. Phytochern., 26, 

2255. 

1990 Z. Cohen & Y. M. Heimer. A6 desaturase inhibition: A novel mode of action of 

Norflurazon. PlantPhys., 93, 347. 

1991 Z. Cohen & A. Vonshak. The fatty acid composition of Spirulina-like 

cyanobacteria as a tool for chemotaxonomy. Phytochenz., 30, 205. 

1992a Z. Cohen, S. Didi & Y. M. Heimer. Over-production of y-linolenic and 

eicosapentaenoic acids by algae. PlantPhys., 98, 569. 

1992b Z. Cohen, M. Reungjitchachawali, W. Siangdung, M. Tanticharoen & Y. M. 

Heimer. LE rbicide resistant lines of microalgae: Growth and fatty acid 

composition. Phytochem., (submitted). 

1993a 	Z. Cohen, H. A. Norman & Y. M. Heimer. Evaluating the potential of 

substituted pyridazinones for inducing polyunsaturated fatty acid 

overproduction in algae. Phytochem., 32, 259. 
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1993b Z. Cohen, M. Reungjitchachawali, W. Siangdung, & M. Tpnticharoen. Production 

and partial purification of y-linolenic acid and some pigments from Spirulina 

platensis.J. Appl. Phyc. (in press). 

1993c M. Tanticharoen, M. Reungjitchachawali, B. Boonag, A. Vonshak & Z. Cohen. 

Effect of growth and light-dark cycle on fatty acid composition in the 

cyanobacterium Spirulinaplatensis.(in preparation). 

8) Project Productivity 

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

more and better results could have been obtained. The w:,rkload was so divided that 

ground breaking work was to be performed in Israel and further developed in Thailand. 

For instance, the development of methods for isolation of GLA-overproducing mutants 

an the first isolation of such mutants was done in Israel. In order to get maximal 

output from this method, several thousand mutants were to be screened. This task is 

labor -intensive and due to the differences in cost of manpower between Israel and 

Thailand, the latter was considered to be an ideal place for this study. Representatives 

of the Thai group spent several months in Israel and brought back the methodology to 

Thailand. Unfortunately, implementation was not as fast. As a result, at the conclusion 

of this project only 20 mutants were studied at any depth. This however will be 

remedied by a foilow-up project currently condu'ted by the Thai group. 

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 overexprespion of the genes in question. 
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SUMMARY
 

This paper reports the work on "The Algal Spirulina as a Source of y-
Linolenic Acid and Other Valuable Chemicals done at King Monkut's Institute 
of Technology Thonburi. Results wcre divided into three parts. 

1. 	 The effects of environmental conditions and nutritional factors. 
2. 	 Tile use of Sandoz 9785 to select the strains resistance to analog and 

to study the fatty acid compositions of these strains. 
3. 	 The extraction for GLA and phycocyanin. 

The percentage of C18:3 in Sprulina BP-1 varied from 20 to 30% of total 
fatty acids. The composition depended upon growth phase and environmental 
condition. C18:3 increased during the exponential growth phase then decreased 
through the stationary phase. Palmitic acid (C16:0) which was the main 
composition of fatty acids remained constant until culturethe started to 
deteriorate. Its content decreased dramatically in correspondent with tie 
increase of C18:0. Total faLty ac(l of Spirulina increased with increasing the 
age of culture. Nevertheless, it reduced after the stationary phase. 

Results from the semnicontinuous experiment showed that the percentage 
of C18:3 depended upon the specific growth rate. The higher the specific 
growth rate, the higher tile C18:3 was. Therefore the C18:3 decreased at the 
dilution rate of 0.6 day which was near the 

- 1 
critical dilution under the 

experimental conditions. 

Light intensit, had no effect on the composition of fatty acid but tile 
total fatty acid. TFA increased with increasing light intensity. Diurnal effect 
enhanced the desaturation of C18. 

Increasing NaCI concentration in Zarouk's media reduced the specific

growth rate of Spirulina BP-1 C18:3 decreased 
 a little bit at 4% NaCl with an 
increase in C18:1. TFA decreased thus reducing the amount of GLA as percent
 
dry weight.
 

The attempts have been tried to select tile salt tolerant strain of 
Spirulina. The strain which lost gas vacuole grew faster in 4% NACI than the 
wild type. 

The effects of the herbicide pyridazinone rf4-chlor'o-5-(diiethylainto)-2
phenyl-3(211) pyridazinone; SANDOZ 9785, BASF 13-338)] on growth, fatty acid 
composition and photosynthesis were studied in Spirulina. Strains resisted to 
SAN 9785 were selected and screened for a high gamma-linolenic acid (GLA) 
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producer. SAN 9785 inhibited growth and ca'used a change in fatty acid profile 
in which the desaturation of oleic acid (C18:!) was inhibited resulted in the 
increase in percentage in oleic acid and decrease in linoleic acid (C18:2) and 
linolenic acid (C18:3). At 25"C, tie synthesis of C18:3 was higher than those 
at 30 and 37'C. At low temperature, the inhibition of denaturation process was 
lower in the presence of SAN 9785. 

Tie effect of SAN 9785 on the desaturation process was reversible, the
 
level of C18:3 in washed cell resumed to normal after 10-24 hours incubation.
 
This was in contrast to photosynthetic rate which was also inhibited by SAN
 
9785 but regained immediately to normal after removal of the inhibitor. It was
 
suggested that GLA-synthesis might not be involved with the photosynthetic 
electron flow. Reduction in photosynthetic rate decreased the energy yield 
thus lower growth yield was found in the presence of the inhibitor. 

By increasing the concentration of SAN 9785 stepwise, the strains 
resisted to SAN 9785 were selected. Among these, ZIA, ZIB, Z5B,Z17B, Z19 and 
Z19/2 could grc,,. in the media containing SAN 9785 up to 1.0 mnl. In the 
presence of the iihibitor, the resistant strains were able to synthesize higher 
C18:3 than the wild type (BP, PIP). Though, Z19, Z19/2 seemed to pro(luce 
higher GLA when growir.g in the absence of tile inhibitor under laboratory 
and outdoor conditions, it was not obvious to indicate that these strains would 
be better GLA-producers. 

Work on the extraction of phycocyanin and fatty acid was still in the 
preliminary stage. After phycocyanin separation fatty acid was extracted from 
cell residue. The recovery was over 80%. GLA was concentrated by urea 
complexation. 

In general, tile results were satisfactory. Combining with KMITT previous 
experience on "Mass cultivation to Spirulina using secondary treated sLtirch 
wastewater", the use of Spirulina as a source of high value chemical is very 
promising. Presently, the National Center for Genetic Engineering an 
Biotechnology has granted us (1992-1991) to conduct further study on the 
production of high value chemicals from Spirulina. In this study the selected 
strain containing high percentage of polyunsaturated fatty acid will be 
cultivated outdoor. The productivity will be compared with the strain normally 
in use in the commercial production at the Neo Tech. Food Ltd.. Besides this 
the extraction study will be continued to get more informations necessary for 
engineering design. If the project is feasible, the pilot plant will be built and 
the Neo Tech. Food Ltd. will supply the raw material for extraction. 

It is worthnoting that the pro.iect on the Alga Spirulina as a Source of 
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gamma linolenic acid and other valuable chemicals gave us more opportunity 
to expand our interest on this algae. Cloning of phycocyanin gene and 
Development of transformation system in Spiviulina is being investigated. This 
is the prerequisite step in using recombinant DNA technology to study the 
regulation of phycocyanin and for strain improvement. 

In terms of human resource development, three people have been trained 
at Dr. Zvi Cohen's Laboratory during the project. One graduate student was 
produced from with master thesis entitled "Effect of the herbicide Sandoz 9785 
on growth and fatty acid profile in Spirulina spp. Sixteen presentations were 
counted. 



INTRODUCTION 

King Mongkut's Institute of Technology Thonburi has started research 
work on algal biotechnology since 1987. The research is mainly on Spir'ilina, 
the filamentous blue green algae. The first project related to Spirulina 
cultivation was granted by the National Center for Genetic Engineering and 
Biotechnology. The main objective of the project was to treat and to utilize 
wastewater from starch factory. S irulina BP-1 was isolated from the 
stabilization pond of the starch factory. The occurrence of Spirulina 
corresponded to the high alkalinity of water in the pond. The result frcm frur 
6 x 26 x 0.5m concrete raceway type ponds equipped with paddle wheels 
showed that wastewater from the stabilization pond could be used to cultivate 
Spirulina with the addition of nitrogen and phosphorus fertilizer. To prevent 
the outgrowth of Chlorella, bicarbonate alkalinity was maintained at 2000-2500 
mg/I by adding sodium bicarbonate. The sun-dried product was sold to the 
feed factory at thle price ranged from US$ 10-12 during 2 years tested period. 

Generally speaking, Spirulina is suitable as health food and feed. 
llowever, use as animal feed is prohibited by its high production cost. Our 
study demonstrated that the production cost was below US$ 6/kg dried 
Spirulina. The economic study revealed that it was feasible to produce 
Spirulina for animal feed using the above mentioned technology. Presently the 
technology was transferred to private sector (Neo Tech Food Ltd.) to produce 
50 tons dried annually. 

The project entitled "The Alga Spirulina as a Source of y-Linolenic Acid 
and Other Valuable Chemicals" was started in June 1987. The aims of the 
project were:

a. Development of y-Linolenic acid IGLA) rich (possible over producing) 
strains of Spirulina. 

b. Identification of the effects of environmental conditions and 
nutritional factors, to optimize GLA production. 

c. Determination of the pigment content under the conditions for 

optimum GLA production. 
d. Development of extraction and purification methods for GLA and the 

pigments. 

This final reports covered the work on " The Algal Spirulina as a Source 
of y-Linolenic Acid and Other Valuable Chemicals done at King h'longktut's 
Institute of Technology Thonburi. Results were divided into three parts. 
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i) the effects of environmental conditions and nutritional factors. 
ii) the use of inhibitor (herbicide Sandoz 9785) to select the strains 

resistance to analog and to study the fatty acid compositions of 
these strains. 

iii) the extraction for GLA and phycocyanin. 

MATERIALS AND METHODS 

1. Organisms 

Spirulina platensis strain BP was isolated from a stabilization pond of 
the tapioca starch factory, Raiburi Province, Thailand, Strain P4P was from 
the collection at King MongkuL's Institute of Technology Iii_'nburi(KMITT). 
Strain 23,10 was obtained from Dr.Zvi Cohen (Microalgal Biotechnology 
LaboraLory of the Jacob - Blaustein Institute for Desert Research, Israell.Z 
group strains were selected from wild type (BP,P4P) exposed to SAN 9785. All 
strains were maintained on Zarrouk's medium agar. Maintenance of stock 
cultures and inocula preparation were performed according to Vonshak (1). 

2. Culture conditions 

The strains were cultivated under sterile condition in Zarrouk's medium 
in Erlenmever flasks containing 100 ml of the broth cultures, place in 
incubator shaker at 120 rpm and continuously illuminated with white 
fluorescent lamps providing 80 2IiE.m .s - I at surface of flask. The temperature 
was maintained constant at 30'C. Cultures were grown batchwise or in a semi
continuous condition (with proper dilution) under the appropriate conditions 
depending on the experinient. Cultures were harvested by filtration through 
Whatman GF/C filter paper, collected and freeze-dried for further analyses. 

3. Inhibitor 

SAN 9785 (,t-chloro-5(dimethylamino)-2-phenyl-3(211)-pyridazinone: BASF 
13-338) was a gift from Dr. Zvi Cohen (Microalgal Biotechnology Laboratory of 
the Jacob BlausLein Institute for Desert Research, Israel). 

Molecular weight of SAN 9785 = 2,18.5 

Stock SAN 9785 solution Dissolved powder of SAN 9785 in dimethyl 

sulfoxide (DMSO). 



4. Parameter analysis 

4.1 Measurement of growth of Spirulina 

4.1.1 Growth was estimated by measuring the absorbance of cell density 
at 560 nm. 

4.1.2 Growth was estimated by chlorophyll-a determination with 
mear,'ring the absorbance at 665 nm (1). 

4.2 Lipid analysis 

4.2.1 Lipid extraction arid transmethylation 

Freeze-dried sample of Spirulina (100 mg) were treated with 2 ml of 
MeOll-AcCl (19:1) according to Lepage (2). C17:0 was added as an internal 
standard and the mixture sealed in a vial under Ar atmosphere and heated to 
80'C for 1 hr. The vial was then cooled, its contents diluted with 1 ml 1l10 
and the mixture extracted with I nil hexane. The hexane layer driedwas 

(Na 23O1 , evaporated to dryness) and redissolved in hexane.
 

4.2.2 Fatty acid analysis 

GC analysis was performed on a 3mx3mm. i.d. stainless steel column 
packed with 15% DEGS on uniporL B 80/100 mesh at 190'C, FID injector and 
FID detector temperature 230'C, attenuation range, 2"x10 2 inV.V.). Fatty acid 
methyl esters were identified by cochromatography with authentic standards 
(Sigma Co.). Fatty acid contents were determined by comparing their
 
integrated peak areas with 
 that of the internal standard. 

4.3 Measurement or Photosynthesis 

Principle: Measurement of photosynthesis in algal cultures using an 02 
electrode. The use of an oxygen electrode to measure change in 0z evolution 
rate as an indication of changes in the photosynthetic activity of microalgac. 

Procedure: The cultures were diluted to a final concentration of 2 mg 
chl.1- 1 with fresh Zarrouk's medium. 02 evolution was measured using a clark 
type 02 electrode. Cell cultures (5 ml) were transferred into a thermoregulated 
double jacket cylindrical glass vessel with the oxygen electrode immersed in 
the culture. The culture was bubbled with 02 free N2 to lower the O2 
concentration and to avoid 02 saturation during the measurements. The 
temperature was kept constant, and illumination was provided by slide 
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projector lamp at an intensity of 160 jiEm' 2 .S- 1. The signal from the electrode 

was registered a chartpen recorder and when st.able rates were obtained, 

photosynthesis was calculated as moles 0, evolved. hr- 1.mg ch1-1. The electrode 

was calibrated to the absolute mode by using 0 free and air-saturatedN2 

water at experiment temperature. 
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The Effects of Environmental Conditions and Nutritional Factors. 



PART I: The Effects of Environmental Conditions and Nutritional Factors. 

RESULTS AND DISCUSSIONS 

1. Fatty acid composition of Spirulina BP-1 cultivated outdoor. 

Spirulina BP-! was isolated from stabilization pond of Ban-Pong Starch 
Factory, Raiburi Province, Thailand. This strain has becn using for mass 
cultivation by Neo Tech Food Ltd. Our initial work on fatty acid was carried 
out using strain BP-I. Table I shows the fatty acid composition of Spirulina 
BP-1 cultivated in the high rate 6 x 26 x 0.5m algal ponds during March-May 
1989. The media was warte from the stabilization pond of starch factory with 
the addition of NalICO 3 and N:P:K (16:16:16). After harvesting the algae was 
,un dried and samples were analysed for fatty acid composition. 

Table 1. Fatty acid composition of outdoor culture Spir1ulina BP-1 

Fatty acid composition Fatty acid content 
(% of total fatty acid) as% (try weight(DW) 

No. 16:0 16:1 ] 18:0 18.1i 18:2 18:3 TFA GLA(18:3) 

1. 45.2 3.0 2.0 2.5 18.7 28.0 5.9 1.6 

2. 45.6 3.0 1.6 1.9 19.4 27.3 6.1 1.7 
3. 45.0 3.2 1.8 1.5 19.3 27.7 5.9 1.6 

4. 44.2 2.9 1.8 1.9 18.9 28.5 5.7 1.5 
5. 43.7 3.0 1.9 1.9 19.3 26.9 5.6 1.5 
6. 43.9 2.8 1.9 2.4 19.2 28.6 5.7 1.6 
7. 45.0 3.4 1.4 1.7 17.8 28.6 5.6 1.6 
8. 4'4.4 4.1 1.1 1.7 17.6 28.4 5.6 1.6 
9. 43.9 4.9 1.4 2.1 17.6 29.0 5.7 1.7 
10. 45.3 2.5 .5 1.3 17.8 27.5 5.9 1.6 

___11.ll. 48.5~ ~ 1.3 _ 16.9_ 29.4 5.85.81.6 1.8_ 29. __1.71.7 

Samples from Ban Pong Pilot 

TFA - Total fatty acid 
GLA - Gamma Linolenic acid 

DW - Dry weight 

Plant (March - May 1989) 
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2. 	 Effect of environmental conditions aad nutritiontal factors on fatty acid 
composition 

2.1. Growth phase 

Nine strains of Spirulina were cultivated in batch culture under 
continuous light (40 jiE/m 2 /s) at 32"C and sampled at Various growth phase. 
Palmitic acid (C16:0) was the predominant fatty acid accounted focr almost 5j% 
of total fatty acids. Its percentage did not change much during the growth 
period but reduced dramatically at the beginning of death phase. The culture 
turned from dark green to yellowish green and died in the next day. 

Change on C18 fatty acids composition was observed from the early 
exponential through the sLation.iry phases. Time linioleic (C18:2) and gamma 
linolenic acid (GLA, C18:3 ta6) were high in the exponential phase then 
gradually declined till the stationary phase (Table 21. This was in contrast 
with the oleic acid (C18;1). Surprisingly, C18:l increased to 30% of total fatty 
acid at the latest stoge correspondence with the redlction of C16:0. The 
dramatic change in C16:0 occured before the death phasc. (Table 3) It has 
been suggested that, the synthesis of C18:3 occur via the desaturation of
 
C18:1 and C16:0. The function of C18:3 might involve with the membrane
 
integrity. The desaturation of C16:0 to C18:1 and then to C18:3 might be the
 
process to compensate for the riced of C18:3 which tended to be 
 low in older 
culture. 

The content of total fatty acids of the culture was low at tl'e early stage 
of growth. The synthesis of TFA increased to the maximum level during the 
exponential. The oldei' the culture, the lower TFA content was. 

The decrease in C16:0 and the increase in C18:1 when culture ages can 
probably be best explained by a shift from polar, primarily galactolipids (GLS) 
to neutral lipids, mainly triglycerides (TGS). While in polar lipids of 
cyanobacteria there is a 1:1 ratio of C16 and C18 fatty acids (Murata .. ), TGS 
in Spirulina will include lower levels of C16:0, C18:2 and C18:3 than in GLS and 
higher levels of C16:1, C18:0 and C18:1. A typical neutral lipids mixture of 
Spirulina strain (2340) contained C16:0 (27%) C16:1 (26%) C18:0 (11%) and C18:1 
(17%) Z. Cohen, unptrblished data.) 

Unlike green algae, lipid accumulation in the statioriary phase could 
never be demonstrated in cyanobacteria. Thus, an expected increase in neutral 
lipids in the stationary phase must be accompanied by a concurrent decrease 
in polar lipids resulting in increases in C16:1, C18:0 qnd C18:1. 
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Table 2. Total fatty acid and fatty acid profile of Spirulina cultures at 
various growth phase. 

p 
p 

Fatty acid composition (% of TFA) 
16S 16:1 18:0 18:1 T 18:2 18:3 

as % Qry weight 
TFA GLA 

BP 0.8 48.2 07 1.0 5.,; 19.0 24.5 2.6 0.6 

2 50.1 0.5 0.9 7.8 17.0 23.4 4.6 1.1 
3 49.5 0.9 1.1 8.9 14.6 23.6 5.1 1.2 

4 49.8 0.8 1.1 12.7 12.7 21.1 6.3 1.3 
5.4 51.2 0.8 1.3 11.6 11.6 19.8 5.7 1.1 

11 45.9 2.0 1.5 9.7 9.7 18.9 5.7 1.1 

11 BP 2 44.8 2.1 1.1 5.6 17.8 25.5 4.3 1.0 

4 44.3 2.5 1.6 7.9 14l.6 I 22.3 5.2 1.2 

7 45.7 2.0 2.0 11.9 12.6 20.6 5.2 1.1 

9 44.1 2.1 2.3 14.9 12.3 18.1 5.2 1.0 
14 45.5 1.7 1.7 14.7 12.1 20.9 2.8 0.6 
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Table 3. Total fatty acid and fatty acids profile of Spirulina cultures at 
various growth phase. 

Fatty acid composition as % dry weight 

Strain day (% of total fatty acid) 

16:0 16:1 118:0 18.1 18:2 18:3 TFA GLA 

BP 3 	 46.9 4.4 0.8 6.5 15.7 24.3 5.3 1.3 
6 43.2 '1.3 0.9 11.3 12.7 20.7 5.7 1.2 
8 47.9 3.8 1.0 14.0 19.1 19.1 5.7 1.1 

10 38.9 3.7 1.5 16.8 20.1 20.1 5.9 1.2 
14 23.9 2.3 3.8 30.5 20.4 20.4 5.1 1.0 

Z2 0 	 44.4 3.1 1.1 10.8 13.4 20.1 4.9 1.0 
2 44.1 3.1 1.1 12.6 12.1 19.6 5.6 1.1 
4 44.1 3.2 1.1 14.0 11.6 18.9 5.9 1.1 
6 42.3 3.3 0.9 14.4 12.0 19.3 5.3 1.0 
9 29.4 3.2 2.6 23.9 10.5 22.7 5.2 1.2 

I10 2.91 29.I 2. 23.6 10.3 24.1 4.9 	 1.2 

Z4 	 45.7 2.6 I. 10.8 10.8 13.6 4.9 1.0
 
,48.3 3.2 1.1 13.2 10.3 13.2 5.1 1.1

41.0 3.3 1.1 12.4 11.9 12.I 5.1 1.0
31.1 3.2 2.0 11.1 19.5 11.1 '1.5 1.2 

Z5 0 	 48.7 3.3 1.0 8.8 13.7 21.8 4.7 1.0 
2 '14.2 3.4 0.9 9.1 13.6 21.3 4.6 1.0 
4 47.8 3.6 0.8 10.7 13.1 20.9 5.9 1.2 

10 25.3 2.3 3.2 26.4 11.5 25.1 5.0 1.2 

Z6 0 	 47.7 4.4 1.0 7.6 7.6 14.6 5.3 1.2 
2 46.8 4.3 1.5 6.6 6.6 1,t.7 5.7 1.3
,1 46.3 4.2 0.8 8.4 8.4 14.8 6.2 1.4 
8 '17.4 4.4 0.8 7.3 7.3 14.8 6.3 1.l 

12 31.2 3.3 2.6 22.9 22.9 12.1 5.1 1.3 
Z12 8 [47.7 13.4l 1.1 12.0 1. 06 - F 12 12 134.9 3.9 2.5 18.9 12.2 2, ?:.81 

Z14 6 46.9 4.1 1.0 12.1 12.6 20.1
 
12 31.8 3.6 2.5 20.2 11.9 25.8 
1i 29.0 2.2 1.1 29.9 12.5 17.5 -


Z17 0 48.6 3.6 0.9 6.5 15.6 22.5 4.6 1.0 
4 19.3 3.'4 1.0 10.0 13.3 20.3 5.1 1.0 
8 46.9 3.4 1.2 12.6 12.7 20.5 5.6 1.12 

12 32.8 3.1 2.4 21.5 12.0 25.6 5.1 1.3 

P4P 	 0 48.4 3.1 1.2 11,3 11.3 20.1 5.4 1.1
 
2 18.,! j 3.? 0.7 7.7 7.7 22.2 1.2
5.4 
4 '19.1 3.8 0.7 8.9 8.9 21.3 5.8 	 1.2 
8 47.2 4.7 0.7 8.9 8.9 22.6 6.4 1.4 

12 29.9 2.6 3.0 28.5 28.5 22.7 5.3 1.1 
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2.2 Effect of growth rate. 

Results from batch experiments showed that ciilture in the early and 
exponential phases contained higher GLA than t'he stationary phase. It might 
be on the growth rate of the culture. In animal, the percent desat, ration 
of linoleic acid to gamma linolenic acid decreases with the age It was 
suggested that tile very high desaturation found in the very young animals 
may be correlated to the building of new tissues, considering that 
polyunsaturated fatty acids are very important components required for the 
synthesis of phospholipids, and the phospholipids associated to proteins are 
fundamental constituents of metabolically active membranes. 

To study the effect of growth rate on fatty acid profile, Spirulina were 
cultivated semicontinuously at various dilution rates. GLA increased with 

specific growth rate. However, the percentage of GLA decreased at specific 
growth rate closed to the critical dilution rate (0.6 day-'). The C18:1 reduced 
at higher specific growth rate. A slight change in C 18:2 was noted. (Table 

Culture cultivated at high dilution rate contained less chlorophyll-a and 
phycocyanin (Table 4,5). Increasing light intensity increased these two 
components and total fatty acid (Table 4). Though there was higher biomass 
concentration at higher light intensity, fatty acid profile of the culture 
growing at high and low light intensity was the same at the same specific 
growth rate (Table 4,5). The effe,, of shading was ruled out at low specific 
growth rate with higher biomass concentration. Nevertheless, light intensity 
affected the fatty acid content. 
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Table 4. Effect of specific growth rate on phycocyanin, chlorophyll-a content 
and fatty acids composition of Spirulina. 

Specific growth rate (day -1 ) 

_10._ _ _ 2 0.3" 0.4 10.5 0.6a 0.2b 0.4bi I d ii 

Chlorophyll a(mg/g)DW 13.4 14.6 14.9 12.7 12.1 9.7 17.0 18.3 
Phycocyanin % DW) '23.3 23,5 23.5 20.5 116.4 11.3 28.1 28,6 
Dry weight (g/l) - 0.4I 0.4 0.22 0.16 - 0.87 0.54 

(% TFA)C II 
16:0 45.0 42.8 '13.6 ,4.5 ,112.0 11.2 15.1 4.1.3
16:1 3.0 3.6 3.8 ,.7 J7.1 7.0 3.0 3.3 

18:0 1.3 1.3 1.0 0.9 1.1 0.91 0.8 1.2 
18:1 12.0 11.0 9.2 7.7 6.2 5.8112.1 8.6 
18:2 13.1 13.7 11.2 15.1 15.6 15.8 13.3 14.8 
18:3 20.9 22.9 22.9 24.5 23.5 21.7 21.0 23.4 

(% Dryweight) I 
18:3 1.0 1.2 1.2 1.2 1.2 1.0 1.3 1.3 
TFA ,4.7 5.0 5.1 5.0 5.0 4.6 6.1 5.5 

a - light intensity 30 iE. n-.s' 
b - light intensity 48 iiE. m-.s 1 

c - Total fatty acid 
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Table 5. Effect of dilution rate. 

Media Zarrouk's medium, semicontinuous method.
 
-
Light intensity - 50 jiE. m s-2 

Room temperature - (29-31'C). 
Cultivation vessel - Erlrnmeyer's flask I litre with 500 ml. 

working volume 2 vessels for each dilution rate. 

Dilution rate (day 1 ) _ 
0.01 0.05 0.25 0.40 0.6 

Chlorophyll-a(mg/g)DW 13.4 13.2- 11.9 9.2 
Phycocyanin % DWI 23.3 11.9 17.7 10.5
 
Dry weight (g/l) l.12 
 - 9.2 0.66 0.43 

(% TFA)c 
16:0 '15.0 4.7 

I 

43.7 42.1 
16:1 -3.0 3.5 3.5 5.6 
18:0 j 1.3 1.6 1.0 1.018:1 - 12.0 6.09.6 6.2 
18:2 - 13.1 16.314.7 16.218.3 - 20.9 23.1 24.2 23.6 

(% Dryweight) 
18:3 I 

0.99 1.04 1.06 0.97
 
TFA 
 4.71 4.49 4.30 4.07

L I _I _I _ 

2.3. Salt concentration 

Spirulina BP-1 was cultivated batch in Zarouk's media containing 0.1-4% 
NaCl. The growth rate decreased in salt media higher than 2%. Table6 compares 
the specific growth rate of BP-I strain in various salt concentrations. 
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Table 6. 	 The specific growth rate (hr-1 ) Spirulina BP-1 cultivated in 
Zarouk's media containing 1-4% NaCl. 

NaCL concentration (M) 
Exp. 0.1 1 2 3 4 

I 0.022 0.032 0.029 0.021 0.021 

if 0.032 0.033 0.031 f 0.026 F 0.02 

I I 0.029 0.028 1 0.026 I 0.01 0.013 

lIV 0. -[ - 0.028 0.02 

Spirtlina BP-I showed a longer lag period at higher salt concentration. 
An adaptation might be the mechanism for salt tolerance. Attempts have been 
tried to get salt totolerance strain of BP-I by transferring the culture 
higher salt concentration step by step. The culutre was acclimatized in 4% salt 
media for a period of time. Table 7 compares the specific growth rate between 
the normal and the acclimatized culture. 

''Table 7. Specific rate of normal andgrowth (hr" acclimatized culture in 
media conlaining 4% NaCI. 

Normal culture 1 Acclimatized culture- - I[ I 
NaCL 0.1% NaCl 4 % NaCI 0.1% INaCI 4 % 

0.029 0.016 0.031 0.024 

The acclimatized culture was maintained semicontinuously in 4% NaCl. 
The culture grew quite well but some trichome was broken. The filaments were 
thicker than the normal BP-1. When the culture was left staticall cell settled 
within 1 hour. This was in contrast with the original BP-i which floated on 
the surface or in suspension. The vacuole of the lcclimatized culture might 
be disrupted from osmotic pressure during the exposure to high salt 
concentration. The vacuole could not be regenerated in normal media. The 
event was permanent and the dense culture looked darker than the vacuolated 
culture due to light reflection. 
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The salt adapted cells (non - vacuolated) were well selected during 
the semicontinuous culture in 4% NaCl. The culture was switched back to 
normal media for several passages, the ability to grow in 1%NaCI was still 
better than the vacuolated BP-1. (Table 8) 

Table 8. 	 The Specific growth rate (hr-') of the non-vacuolated culture in 
salted media after several passages in normal Zarouk's media. 

NaCI concentration % 
Exp1 

2 3 4 

1i 0.0,12 0.042 0.042 0.035 0.03 

it -! 0.03,I1 0.03 10.031 i 0.025 10.021 

Effect of salt concentration on fatty acid composition of non-acclimatized 
and acclimatized Spirulina cultures are shown in Table 9-13. Most of the 
results either batch or continuous indicated the reduction of C18:3 GLA) and 
the accumulation of 18:1 at increasing salt concentration. The C18:3 was 
inhibited 	 through out the entire stage of cultivation. TFA depended cn the 
stage of growth (see result 2.1). Due to the longer log phase at increasing 
salt concentration, total fatty acid during the early stage of growth was 
much lower than the control. The difference in TFA at the stationary phase 
between low and high salt concentration was less than the early stage of 
growth. 
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Table 9. Fatty acids profile of Spirulina BP-1 (non - acclimatized culture) 
growingbatch wise in media containing NaCl. 

I I ' I 
Fatty acid composition FA content 

Exp. Day % NaCI (M of total fatty acid) as % Dry weight 

16:0 	 16:1 18:0 18.1 18:2 18:3 TFA GLA 

Control 45.3 2.5 1.2 12.4 12.7 20.6 4.9 1.0 
1 	 15.2 1.8 1.6 14.2 13.0 19.5 4.4 0.86 
2 	 44.6 2.4 1.4 13.8 13.3 19.5 4.1 0.80 
3 43.9 2.7 1.5 14.1 13.8 18.8 3.6 0.68 
4 ,11.2 2.9 ?.,1 18.8 14.1 17.0 3.6 0.61 

2,4 Control 14.7 2.8 1.2 14 8 13.1 20.5 5.6 1.15fiC=70-80oo '1.7 2.8 1:4 18:1 14., 17.7 4.6 0.82 
SiE.m- 2 .s 1 

T = 30"C 7 }Control ,5.3 3.0 1.3 10.6 	 14.5 20.6 4.8 1.0 
1 !44.4 3.3 1.4 12.8 14.1 19.3 4.3 0.84 
2 	 44.1 3.2 2.2 13.6 13.8 18.7 4.0 0.75 
3 	 43.6 3.4 1.6 13.2 13.6 18.1 3.8 0.69 

4t 3.6 2.0 15.A 13.6 18.7 3.3 0.6142.9 

FA -	 Fatty acid 
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Table 10. Falty acids profile of Spirulina BP-1 (acclimatized culture) 
growing batchwise in media containing NaCl. 

Experiment I. - 24 days light intensity 1I 70-80 jpE.m-

inoculum form 4% 
- NaCi media. 

Experiment I. - 6 days inoculum was culture growing in 
Experiment III. - 5.8 days inoculum from normal media. 

Fatty acid composition 

Exp. Day % NaCI M%of total fatty acid) 


III - I I II 
[I1=70-80 21 Control 12.7 2.9 1.1 15.1 112.1 21.7 

JEm'.s 1 4 41.2 3.7 1.3 18.4 113.7 18.1 


T=30'C _ 


II 6 Control 44.2 3.3 1.1 11.7 14.1 19.9 

1 43.5 3.5 1.1 12.3 13.6 20.6 
2 43.2 3.9 1.2 13.4 13.3 19.3 

3 42.1 4.0 1.1 17.2 12.8 17.7 

4 .15.9 3.6 1.6 19.7 13.8 17.8 

I11 5.8 Control 49.1 2.7 1.7 10.9 13.8 20.2 

1 50.1 2.1 1.4 10.9 13.7 19.8 
2 49.2 2.4 1.5 12.7 13.6 18.6 
3 42.2 4.3 2.2 15.0 16.0 119.3 

4 15.7 13.7 2.1 13.4 14.9 117.2 

.s 1 , Temp. 30'C 

normal media 

FA content 
as % Dry weight 

I 

4.4 0.96 

4.7 0.84

I
 
5.0 1.0 

4.8 0.98 

4.0 0.77 

4.1 0.72 

2.5 0.44 

5.3 1.08 

4.5 0.89 
4.8 0.9 
4.0 0.76 

3 
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Table 11. Fatty acids profile of Spirulina BP-1 (acclimatized culture) 

growing batchwise in media containing NaCl. 

(This acclimatized culture was growing in normal media for several transfers.) 

i Fatty acid composition FA content 

Day % NaCl (% of total fatty acid) as %Dry weight 

16:0 16:1 18:0 18.1 18:2 18:3 TFA GLA 

Control 47.4 4.3 1.0 6.3 15.7 23.3 4.5 1.05 

(Exp.I) 4 44.1 '1.9 1.3 11.1 17.3 20.1 3.3 0.65 

Control 45.5 2.3 1.1 11.9 14.1 19.9 5.7 1.12
 

6 1 41.9 1 2.8 1.1 13.8 13.7 18.5 5.7 1.06
 

(Exp.II) 2 45.0 2.0 1.2 14.4 13.7 18.4 4.1 0.75
 

3 14.7 1.9 1.1 14.7 13.5 117.8 3.6 0.64 

4 42.2 2.9 1.6 18.6 13.6 15.8 3.7 0.59 

Table 12. 	 Fatty acids profile of Spirulina BP-l(non-acclimatized) growing 

semicontinuously in salt media (dilution rate 0.25 day-', 31-C) 

Fatty acid composition 

% NaCl (% of total fatty acid) 

16:0 16:1 18:0 18.1 18:2 18:3 

Control 44.1 '.3 0.9 8.9 14.2 22.4 

0.75 44.3 4.2 0.9 8.7 15.0 22.4 

1.5 43.9 5.4 10 1.6 13. 
343.0 5.7 1.1 13.3 13,3 1. 
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Table 13. 	 Fatty acids profile of Spirulina BP-1 (acclimatized) growing 
semicontinuously in salt media (dilution rate 0.33 day -1 light 
intensity 70-80 pE.m- 2.s'. 

batty acid composition FA content 
Fxp. NalC% (% of total fatty acid) as % Dry weight 

16:0 16.1 18:0 18.1 18:2 18:3 TFA GLA 

I Control 46.4 2.9 1.0 9.1 14.2 23.5 5.4 1.28 
3 43.6 4.5 1.0 9.4 16.2 22.8 1 .3 0.98 

Control 45.0 3.3 0.8 7.8 15.3 25.3 5.5 1.4 
II 4 '13.0 4.l 1.1 12.2 16.4 20.5 4 0.9 

Effect of salt on phycocyanin and chlorophyll was also studied in 
semicontinuous culture at the dilution rate of 0.25 - 0.3 day -1 and 30'C. The 
inoculum was adapted to salt concentration curresponded to the concentration 
used in the experiment. Table 1I shows that chlorophyll and phycocyaninl were 
affected in the presence of salt. Again, the reduction on C18:3 and TFA was 
repeated (Table 15) 

Table 14. 	 Chlorophyll and Phycocyanin contents of Spriulina BP-1 grown in 
Zarrouk's medium at various NaCI concentrations. 

NaCI concentration Chlorophyll a Phycocyanin
g/litre mg/g dry weight mg/g dry weight 

II
 
0.1 15.5 	 22.3 

0.5 17.0 	 22.0 
0.75 	 16.7 22.3 
1.0 13.3 	 22.3 
1.5 15.9 	 23.9 
2.0 13.3 	 20.5 
3.0 11.9 	 19.0 
4.0 11.2 	 17.9 
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Table 15. Fatty acids composition of Spirulina BP-1 grown in Zarrouk's 
medium at various NaCl concentration 

Fatty acid composition FA content 
NaCI (% of total fatty acid) as % Dry weight

g/litre - ___ ___16:0 16:1 18:0 18.1 18:2 18:3 TFA GLA 

0.1 43.2 4.43 1.2 9.5 13.8 22.0 4.9 1.1 
0.5 15.0 3.9 1.0 9.9 14.3 22.4 4.8 1.1 
0.75 44.0 4.3 0.9 8.9 14.2 22.4 4.6 1.0 
1.0 '12.8 4.0 0.9 9.1 15.2 22.9 4.7 1.1 
1.5 43.9 5.,4 1.0 11.6 13.5 20.1 4.0 0.8 
2.0 42.2 4.0 1.1 9.4 15.5 21.9 4.4 1.0 
3.0 42.2 4.5 1.1 12.8 14.5 20.0 4.1 0.8 
4.0 41.7 4__.8 1.1 13.7 13.8 18.5 4.1 0.8 

2.4 Effect of NaNO 3 concentration 

Experiments were conducted on a semicontinuous basis. The nitrogen 
source was NaNO, whose concentration varied from 0.05 to 2.5 gram/litre. The 
growing cells were withdrawn daily and tile fresh media was added to keep 
the optical density (560 nm) of the cultre at 0.3. At steady state, cells were 
filtered and washed with water. After drying, fatty acid, phycocyanin and 
chlorophyll were assayed. The chlorophyll and phycocyanin content of the 
harvested cells were constant until nitrate input had been reduced to 0.25 
gram/litre. They then declined from 15 mg.g - ' of dry weight and 15% of 
dryweight, to 7.4 mg.g 1I and 6.8% at 0.1 gram/litre NaNO 3 respectively. A 

"1further declined to 0.7 mg.g and 3.5% occured at 0.05 gram/litre NaNO 3 (Table 
16). At these low nitrate concentrations, the cells changed color from dark 
green to yellow green. 
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Table 16. Effect of NANO 3 concentration on phycocyanin and chlorophyll oi 

Spirulina BP-1 (Temp 30"C, Light Intensity 50-60 pE.m 2.s '-. 

NaNO 3 Cell dryweight Chlorophyll Phycocyanin 
g/litre g/litre mg/g % dry weight 

2.5 0.49 14.5 15.2 
1.0 0.19 14.9 15.4 

0.5 0.41 14.9 14.9 
0.25.,19 
0.1 0.50 

14.5 
7.4 

16.9 
6.9 

0.05 10.46 0.7 13.5 

Total fatty acids (as percent dry weight) decreased sharply when NaNO3 
was below 0.25 gram/litre. Reduction in total fatty acid affected the amount of 
GLA (as percent dry weigl.t Table 17). Though the result was not clearly 
indicated the change of fatty acid profile at very low NaNO3 concentrationit 
was very interesting to note the decrease of C18:1 and the increase of C18:3 

at 0.05 gram/litre NaNO 3. 

Table 17. 	 Fatty acids profile of Spirulina BP-1 in Zarrouk's media at various 
NANO 3 concentration. 

Dilution Fatty acid composition FA content 
NANO3 rate (% of total fatty acid) as % Dry weight
g/litre day- I 

16:0 16:1 18:0 18.1 18:2 j 18:3 TFA GLA 

2.5 0.48 43.2 3.6 0.9 5.7 16.2 24.7 5.0 1.2 
1.0 0.49 '13.9 3.5 0.9 5.7 16.3 24.7 5.2 1.3 
0.5 0.46 43.0 3.4 0.95 5.6 16.4 25.1 5.0 1.25 
0.25 0.47 14.0 3.6 0.8 5.3 16.4 25.3 ,1.8 1.25 
0.1 0.34 42.8 4.2 1.7 5.1 15.8 24.8 2.9 0.8 
0.05 0.29 '14.1 3.5 1.2 2.3 17.5 27.5 3.1 1.9 

I2 4L _ I 
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In another experiment, the dilution rate was kept constant at 0.4 and 0.6 
day- . At each dilution rate, there was no change in fatty acid composition of 
Spirulina with increasing NaNO3 from 0.25 to 1.0 gram/litre (Table 18). 

Table 18. 	 Effect of NANO 3 concentration on fatty acid composition of 
Spirulina BP-1 (Semicontinuous culture at 0.4 and 0.6 day -1 , temp 
30'C, light intensity 40-80 iE.m' 2.s l) 

NANO 3 Dilution Fatty acid composition FA content 
Concent- rate M' of total fatty acid) as % Dry weight 
ration 

day- 1  g/litre 16:0 16:1 18:0 18.1 18:2 I 18:3 TFA GLA 

0.25 	 D = 0.4 48.5 2.7 0.72 6.7 15.0 23.. 4.6 1.07 
D = 0.6 47.6 3.7 0.6 5.1 15.7 	 24.9 4.3 1.08 

1.0 D = 	0.4 49.0 2.7 0.8 7.0 15.1 23.1 4.8 1.10 
D 0.6 17.2 2.8 0.7 5.6 16.0 24.8 '1.3 1.07 

However, chlorophyll reduced by 8-11% when decreasing NaNO 3 
concentration at both dilution rate. Effect on phycocyanin was obserbed only 
at dilution rate 9.6 day " 1 (Table 19). 

Table 13. 	 Effect of NANO 3 concentration on chlorophyll and phycocyanin of 
Spirulina BP-1 culture at 0.4 and 0.6 day 1(Semicontinuous 	 , temp 
30'C. light intensity 70-80 IiE.m'2.s-'1. 

NANO 3 Dilution rate Chlorophyll aI Phycocyanini Dry Weight 
concentration I 

day -1  g/litre 	 mg/g DW % DW g/litre 

0.25 0.4 13.4 23.5 0.44 
0.6 12.08 16.8 0.3 

1 0.4 15.1 23.3 0.41 
0.6 13.1 18.1 0.27 
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Effect of 	Nitrogen Limitation 

Spirulina BP-1 grown on Zarrouk's medium (various NaNo 3 
concentrations) working volume 1000 ml. in Erllnmyer flasks 1000 ml. air 
bubbling, light intensity about 50 pE.m- 2.s- , temperature 29-31'C. 
semicontinuous 

NaNO3 concentration (g/litre) 

0.05 0.1 0.25 0.50 1.0 2.5 
Chlorophyll-,- (% D) 0.07 0.74 1.45 1.49 1.49 1.45 

Phycocyanin(% DIV) 3.54 6.86 16.92 14.94 18.40 15.18 

Dry weight (g/l) 0.46 0.50$ 0.48 0.41 0.49 0.49 

Dilution rate (D) 0.29 0.32 0.42 0.42 0.41 0.41 
or Specific growth
 
rate (Ci) day- (TFA)
 

16:0 	 44.1 43.9 44.0 42.6 44.7 43.7 
16:1 3.5 5.1 3.7 3.6 3.3 3.7 
18:0 	 1.2 1.7 0.9 0.9 0.9 0.9 
18:1 	 2.3 4.8 4.6 4.4 ,1.8 4.0 
18:2 	 17.5 15.6 16.9 17.5 16.9 17.1 
18:3 	 27.5 24.6 25.5 26.4 25.3 25.3 

(% DW) 
18:3 	 0.9 0.8 1.3 1.2 1.3 1.3 
TFA 3.1 2.7 5.1 4.6 5.2 5.2 

_ __ _ _ _ _I_ _ !_ 

Note: 	 Sample were dried in 60'C oven± about 20 hours, single culture and 
analysis. 
* - Culture were yellow green. 

2.5 Light - Dark Cycle 

Previous studies showed that the C18:3 of outdoor culture was quite 
high compared to the laboratory cultivation. Due to the uncontrolled 
environmental conditions of the outdoor, the result may stem from various 
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factors. The outdoor culture was cultivated in Zarrouk's media for 7 days at 
32"C under the continuous light at 80 iiE.m- 2.s " 1 intensity. Cell was harvested 
for fatty acid analysis then compared with outdoor culture of the same 
inoculum batch. It should be noted that the average light intensity for 
Thailand is 925 liE.iii'.s and 6.4 sun shine hour. The temperature is 29.3'C 
during the day. Due to the high light intensity, the outdoor cell had less 
phycocyanin and chlorohyll a (Table 20). Light intensity wouldn't be the case 
for the difference in C18:3 where as TFA was not affected. Nevertheless. this 
factor should not be ,:ompletel.v ruled out. Many reports including our study 
showed that increasing temperature the percentage of C18:3 decreased. The 
data excluded the effect of temperature and we intended to study further thL 
light-dark cycle under controlled conditions. 

Table 20. A comparison on fatty acid profile, phycocyanin and chlorophyll 
a between culture grown outdoor and in laboratory. 

Patty acid composition as % 
Culture (% of total fatty acid) Dry weight hcovnn oropha
 

condition 1
16:0 16:1 18:0 18.1 18:21 8-:3 T GLA %DW 
_I ___ 

Outdoor j43.9 3.6 1.3 2.3 118.3 29.1 5.6 1.61 21.3 9.42ILabora-4'4.2 I3.0 I1.5 7.5 16.3 23.4 5.6 1.3J 28.9 14.1 
tory L [____ 

Many strains of Sirulina were cultivated 24 hours light for 3-4 days.
Each culture was divided into 2 sets. The lirst set was incubated further
 
under 24 
 hours light and the other was at 12 light: 12 dark. Most of the 
results clearly indicated the effect of light: dark cycle on C18:3. The
 
desaturation process enhanced
was by the light: dark condition hence the
 
culture had higher PUFA 
 (see ratio 18:2+18:3/18:1). 

Cell exposed to light continuously grew at faster rate than in 12 light:
12 dark thus cell concentration was usually higher after incubation. Table 21 
gives the result inwhich the experiment was started with 2 different cell 
concentration. Regardless any cell densities the light: dark condition was still 
better in the content of C18:2 and C18:3. A slightly increase in 
polyunsaturated fatty acid in parallel with a drop in C18:1 was observed at 
lower cell density. 
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Light-dark grown cells showed a marked decrease in C18:1 in contrast 
to light grown cells in which an increase in C18:1 was observed. The C18:1 in 
ligi, -dark cells was apparently further desaturation to C18:2 and C18:3. 
Molecular oxygen is required for desaturation processes (3). Desaturation may 
be enhanced by the effect of dark respiration which plays a role in oxygen 
scavenging as in the case of nitrogen fixation in heterocysts (4.5). Further 
investigations to prove our postulation is needed. 
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Table 21. 	 Effect of light-dark condition arid growth phase fatty acid 
composition strain of Spirulina 

Fatty acid composition as % 1
 
Strain Day Condition (% of total fatty acid) Dry weight
 

16:0116:1 18:0J 18:1 18:2 18:3 TFA GLAI 

B P 	 dO '16.3 3.2 1.2 14.9 12.8 18.3 ,1.9 0.9 2.1
 
d5 Light 46. 3.3 1.2 13.9 12.2 20.6 5.5 1.13 2.4
III 60-70 d5 9 L 15D 16.5 2.7 1.0 11.1 13.5 21.9 5.3 1.17 3.2 

~-I	d7VE.m-L '16.2 3.6 1.0 14.4 12.1 20.2 5.2 1.06 2.2
d7 LD 46.7 2.9 1.1 10.1 1.1.1 23.1 5.5 1.26 3.7T=30'C d9 L 14.9 ,13 10 114.6 11.7 19.6 1 5.2 1.0 2.1 
d9 L ) '16.1 2.9 0.9 1 9.5 1.4.8 23.3 5.5 1.28 4.0 
dli 41.5 5.0 1.0 14.6 11.4 19.7 .1.9 0.97 2.1 
dli LD '15.5 3.3 0.9 8.9 1.1.9 23.7 5.1 1.2 4.3 
d13 L '43.3 6.2 1.1 14.7 10.6 19.9 1.4 0.87 2.1 
d13 LD '13.9 3.5 1.1 8.7 14.8 24.6 5.6 1.38 1.5 
d15 1, 12.4 6.8 1.0 1.1.7 10.6 19.5 3.8 0.73 2.1 
d15 LD ,15.1 3.7 0.7 9.5 14.7 23.1 5.8 I 1.3.1 I.0 
d17 ILD 14.2 .1.1 0.7 8.4 115.2 2,1 1 5.2 1.27 ,4.7 

BP d5 L 15.3 3.8 1.0 113.7 12.1 20.2 5.4 1 1.13 2.4 
d5 91, 15D 46.6 2.9 1.0 10.1 14.6 22.4 5.1 I 1.15 3.7 

Ill= 80-90 d7 L 45.0 3.7 1.1 11.9 12.4 19.8 5.0 0.98 2.2 
u.-.- d7 LD 45.8 3.2 0.9 9.3 15.3 225 5.1 1.18 Id9 L 43.9 '1.3 1.0 15.2 12.1 18.7 1.1 0.83 2.0
 

T=30 C d9 LD 15.1 3.5 1.1 8.7 15.2 22.8 4.6 1.06 1.4
dli L 43.6 5.5 1.0 14.5 12.5 19.,4 3.7 0.72 2.2
 
dll LD 43.9 3.1 0.9 8.4 15.6 22.8 4.5 1.03 41.6
 
d13 1, 43.2 6.1 1.0 14.0 11.8 19.5 3.4 0.61 2.2
 
d13 LD 44.1 3.5 0.8 7.7 11.7 23.3 4.9 1.19 ,1.9

d15 1, 42.5 9.0 0.8 13.2 10.9 18.6 3.0 0.17 2.2
 
d15 LD .14.4 13.8 0.7 8.7 16.2 24.1 5.0 1.2 1.6
 
d17 ILD 
 43.4 13.9 	 0.51 9.3 15.4 24.0 1.6 1.111 1.2 

BP 	 d5 ,5.14 13.2 1.1 13.9 12.1 21.0 5.5 1.1 12.11
 
d5 119 15D 16.2 3.0 1.1 10.4 I11. 22.3 5.7 1.281 3.5
1I1194-100 17 L 4.8 3.6 1.4 14.8 12.0 19.9 .1.9 0.98 2.2 
d7 LD 46.1 3.2 1 1 9.3 11 7 23.0 5.6 1.25 *I.1d9 L 41.0 ,4.2 1.1 15.1 11.5 20.1 5.3 0.99 2.1
 

T=30'C d9 LD 45.0 3.3 1.2 
 9.5 15.1 23.0 5.1 1.24 4.0dli L 13.,1 5.4 1.1 15.6 10.9 19.4 ,4.8 0.93 1.9 
dll LD '14.7 3.5 1.2 8.9 15.7 23.1 5.9 1.34 .1.4 
d13 L 42.1 6.7 1.3 115.9 10.3 17.7I 1.3 0.85 1.8 
d13 ,D 46.8 1.1 1.1 J9.6 14.7 24.2 5.8 1.36 4. 1 
d15 L 39.4 0.9 1.1 11'3 88 15.5 3.8 0.71 1.7d15 LD '14.2 4.0 0.9 9.3 1,1:5 24:1 5P3 1.28 11.2 
d17 LD 13.2 ,1._1 0.8 110.0 11.6 24.2 5.2 1.26, 3. 9 

d3 i 16.9 4.4 10.7 1 6.5 115.7 121.31 5.3 1.031 6.2
 
BP d3 LD 18.5 3.5 2.6 2.0 16.8 25.0 1.8 1.21 20.7
 

d6 L *13.2 4.3 0.9 11.3 12.4 20.7 5.7 1.18 2.9
 
d6 LD 17.7 4.0 2.6 2.1 18,1 24.0 5.3 1.28 20.0


T=30C 	 d8 L 17.9 3.8 1.0 1,1.0 11.6 19.1 5.7 1.09 2.2 
d8 LD 17.6 3.4 2.6 2.0 17.3 25.4 5.2 1.33 20.6 
dlO 1, 38.9 3.7 1.5 16.8 11.4 20.1 5.9 1.19 1.9 
dlO LD *1C.8 '1.0 1.6 1.9 18.3 25.6 5.8 1.19 22.9d1l 1, 23.9 2.3 3.8 130.5 110.4 20.4 5.1 1.04 1.01 

1dl LD 13.8 3.0 1. 1.2 16.6 21.7 6.1 1.62 35.6 
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Table 21 continued. 

Fatty acid composition as % Dry weight
Strain Day Condition (% of tot'l fatty acid) _ 

16:0 16:1 18:0 18:1 118:21 1: TFA GLA 11 

I r 
Z1 dO 43.6 2.7 I 1.2 9.0 15.8 22.0 - - *.2 

EXPERIMENT 
d2 L 

L 
44.7 
44.8 

3.2 
3.8 

1.0 
0.9 

8.7 
6.6 

11.6 
16.0 

22.6 
23.,4 

-
-

.3 
6 .0 

LD 14.8 I 3.0 0.9 5.9 15.7 24.6 - 6.8 
ILD -15.11 2.71 0.9 3.9 16.7 25.5 - o10.8 

d4 L 43.1 3 5, 1.1 97 13.9 22 - 7 
L 44l.6 3.7, 1.0 8.9 1.1.722.1 - 1.2 
LD 44.1 3.2 0.9 5.4 16.6 I 21.3 - 7.6 
LD 13.6 3.5 l.O 2.6 18.0 25.5 16.7 

d7 L 10.7 3.8 1.2 8.8 15.2 24.2 - - 1.5 
L ,12.1 4.0 1.1 10.5 1l.0 22.9 - 3.5 
LD 12.7 3.I 0.8 3.0 17.7 26.1 - 14.6 
LD 4,.3 3.5 0.9 1.9 18.4 26.2 - - 23.5 

Zi dO 
d2 L 

43.7 
13.4 

3.4 
3.2 

0.9 10.4 
1.1 11,8 

13.5 
13.1 

20.5 
119.9 

5.07 
5.12 1.02 

3.3 
2.8 

EXERIMENT LD '13.6 3.4l 0.8 9.0 1,1.6 21.8 '1.99 1.09 1.0 
d4 L 43.0 3.4 1.1 11.7 13.2 20.2 5.03 1.02 2.9 

ILD '13.2 1 3.5 0.9 I 8.0 14.3 I22.7 1 5.34 1.21 ,1.6 

d6I 
D 
L 

LD 

43.1 
41.6 

43.3 

3.4 I 
3.4 

3.4 

0.9 
1.3 
0.9 

9.0 
13.2 
6.6 

11.7 
13.3 
15.1 

21.8 
19.9 
23.2 

-
4.89 
5.06 

- I 
0.97 
1.18 

4.0 
2.5 
5.8 

Z2 d0 44.4 3.1 1.1 10.8 13.4 20.1 - - 3.1 
d2 I, 44.1 13.1 1.1 12.6 12.1 19.6 - - 2.5 

LD 48.4 3.3 1.0 9.8 12.7 22.1 - 3.6 
d4 L 44.1 3.2 1.1 14.0 11.6 18.9 - - 2.2 

LD 43.9 3.0 1.0 10.6 12.9 21.1 - 3.2 
d6 1L 42.3 3.3 0.9 14.4 12.0 19.3 - - 2.2 

LD 14.0 3.3 0.9 8.9 13.2 22.1 - - '1.0 

Z2A dO 48.6 12.1 0.9 12.7 12.8 20.7 - - 2.6 
d2 L '18.7 3.8 0.7 I 8.6 13.6 21.5 - - 1.1 

LD 48.0 2.6 0.9 8.7 14I.0 23.7 - - ,4.3 
d3 L 49.1 4.0 0.7 9.9 12.9 21.2 - - 3.5 

LD 48.1 2.8 0.9 6.3 15.3 2,4.3 - - 6.3 
d4 L 48.4 '1.0 1.0 10.9 12.8 20.4 - - 3.0 

LD '18.5 4.6 1.4 6.9 11.6 21.0 - - 5.2 
(16 L 54.3 4.7 1.1 10.5 10.9 17.0 - - 2.7 

LD 47.5 3.8 0.8 4.9 15.9 24.6 - - 8.2 
d7 IL 3.7 5.2, 3.0 12.5 12.0 16.3 - - 2.3 

LD ,18.,4 11.0 10.8 4*2 16.0 2;.2 - - 9.6 
d9 L '13.6 3., l 1.6 16.1 111.8 21.0 - - 2.0 

ILD 50.1 1.0 0.6 5.7 115.0 22.2 - 6.5 

R - CI desaturation ratio = (18:3+18:2)/18:1.
 
L - Light,
 
LD - Light Dark.
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Table 21 continued. 

Strain Day nCCondition I 
Fatty acid composition(% or total fatty acid) as %Dry weight 

16:0 16:1 18:0 18:1 18:2 1 18:3 TF'A GLA 

Z3 (10 48.3 3.0 0.4 7.8 1.1.6 22.2 - 4.7 
d2 L 49.5 3.4 0.8 8.4 13.9 21.6 4.2 

LD 49.4 2.9 0.9 8.0 13.6 23.4 - - 4.6 
d5 L 48.2 3.6 0.8 110.1 13.3 21.8 - - 3.5 

LD 19.5 3.2 0.7 4.2 16.5 23.9 - - 9.6 
d6 L '19.2 3.5 0.9 10.5 13, 202 - - 3.2 

I,D 48.1 3.6 0.8 3.8 16.3 2,4.6 - - 10.8 
d7 L '18.2 3.9 1.0 9.8 113.9 20.8 - - 3.5 

1LD 46.9 14.1 1,2 3.A 16.6 24.1 - - 12.0) 
(19 L 

LD 
10.2
,11.8 

3.'i 1.9 115.1
2.8__0.6 ,1.0 

12'6 
14.6 

22.3
32.,4 

-
-

-
-

2.3
11.8 

Z4 d0 ,15.7 12.6 1.3 10.8 13.6 19.6 4.9 0.97 3.2 

d2 LD 47.8 2.8 1.0 8.2 14.1 23.0 .4.9 1.12 4.5 
d4 1, 48.3 3.2 1.1 10.6 13.2 20.7 5.1 1.06 3.2 

LD 44.3 2.6 1.1 5.6 15.8 23.9 5.0 1.19 7.0 
d6 L 44.0 3.3 1.1 11.9 12.4 20.0 5.1 1.02 2.7 

LD 14.1 3.0 0.9 '1.7 16.6 23.5 5.1 1.19 8.5 
d1 Li 31.1 3.2 2.0 19.5 111.1 26.7 '.5 1.20 1.9 

LD 43.4 3.3 1.0 3.7 17.1 22.9 5.3 1.21 10.8 
d12 LD '13.6 3.5 0.9 3.8 17.1 23.4 5 1.33 10.7 

d5 Outdoor 17.4 13.9 10.8 3.6 120.1 21.9 6.6 1.44 11.7 
(17 '18.1 3.4 1.1 4.4 20.,4 21.6 6.2 1.33 9.6 
d9 44.2 3.9 1.0 5.4 18.7 24.1 5.9 1.42 7.9 
dlI '12.7 4.2 1.3 6.0 18.3 25.5 6.4 1.62 7.3 
d5 '16.4 4.1 1.3 5.3 18.6 23.0 6.5 1.49 7.9 
d7 47.0 3.8 1.6 4.5 18.7 23.3 ,4.7 1.09 9.3 
dll 12.0 4.2 1.,4 6.1 18.3 25.2 6.2 1.57 7.2 

Z5 dO L 48.7 3.3 1.0 8.8 13.7 21.8 4.7 1.02 4.0 
d2 LD 41.2 3.4 0.9 9.1 13.6 21.3 4.6 0.99 3.8 

b 47.2 3.4 0.9 7.4 11.7 23.3 '2.7 1.10 5.1 
d4i LD 47.8 3.6 0.8 10.7 13.1 20.9 5.9 1.23 3.2 

L 46.9 3.7 1.0 6.4 15.3 23.7 5.8 1.37 6.1 
d7 LD 48.0 3.5 0.9 3.6 16.4 24.6 5.5 1.36 11.4 
d8 LD 46.9 3.6 0.9 3.4 17.6 24.6 6.0 1.47 12.4 

Z5 d5 Outdoor 47.6 3.4 1.4 4.7 21.6 20.1 3.9 0.78 8.9 
d7 45.4 4.0 1.A 5.0 19.9 22.5 1.7 1.05 8.4 
d9 47.1 '1.9 1.0 5.4 16.4 23.9 4 ' 1.05 7.5 
dlI 41.3 4.6 1.3 5.8 18.3 28.0 3.4 0.95 8.0 
d13 40.9 4.5 1.8 6.0 18.5 27.3 3.6 0.97 7.6 
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Table 21 	 continued. 

Fatty acid composition as % I
 
Strain Day Condition (% of total fatty acid) Dry weight
 

160 18:0 18:1 18:2 18:3 TFA GLA R 

Z6 I 
dO 47.7 1.4 I 1.0 7.6 14.6 22.4 5.3 1.17 ,4.9mi = 40 d2 IL 16.8 14.3 1.5 6.6 114.7 22A 5.7 1.28 5.6 

1,2.s- d2 LD '1'.8 1.2 1.2 14.8 23.0 5.26.7 	 1.20 5.6
d4 L '16.3 4.2 0.8 8.4 114.8 22.6 6.2 1.39 1.5 

T= 30-C d4 LD '17.0 4.2 0.9 3.9 16.3 25.1 9.9 1.48 10.6
d6 LD '17.2 ,1.6 1.4 4.1 17.0 23.5 6.0 1.40 9.9 
d8 L 47.1 4.1 0.8 7.3 14.7 22.3 6.3 1.,11 5.1 
d8 LD '16.9 4.1 0.8 3.2 17.7 21.2 6.4 1.55 13.1 
d10 LD 47.0 '1.3 0.9 1.9 19.0 25.0 4.8 1.20 23.2 
d12 1, 31.2 3.3 2.6 22.9 12.1 I25.6 5.1 1.29 1.6 
d1__2LD 46.2 ___4 0.8 2.5 18.0 	 25.0 5.7 1.42 17.2 

Z9 	 d6 L ,18.A j3.7 10.8 8.2 14.6 21.7 - - 4.4 
d6 LD '18.2 2.5 1.0 4.3 16.7 25.6 - - 9 
d8 L 19.0 3.5 0.9 10.6 13.3 20.3 - 3.2 
d8 LD 18.6 3'2 0.7 2.3 173 254 8.61,18.0dlO L 3.5 1.0 11.2 13.1 120.5 	 3.0 
dlO LD 48.7 13.8 0.8 I1.5 I17.2 I25.4 I- - 128.4 
d12 L 16.0 13.6 1.1 113.1 12.5 21 .11 - 2.6
d12 LD 13.3 .1.1 0.7 0.9 18.5 25.1 - - '18.A 

ZIO 	 dO ,15.5 I2.,l 11.6 I 8.4 13.A 22.1 -- ,1.2 
d2 IL -14.9 12.7 0.7 7.3 13.2 121.71 - '1.8 , 

2L 1712 9 08 5.3 1 3 8 12 2.4 I I 
I ILD '15.7 12.6 10.6 2.9 115 .3 12,. 13.61 

d7 I1, 11.3 12.6 11.1 10.7 13.2 20.7 -3.2
d7 LD '13.3_2.5 0.7 2.4 17.1125.3 - - 17.5Zil 	 do ! /33 79 15.4 25.5162 70.6 


d2 11 12.5 2.8 0.9 10.2 13.7 121.5 - - 3.5 
d2 ID 50.7 3.1 1.5 5.6 15.6 22.0 6.8d7 1, 18.6 2.7 1.6 11.6 114.0 20.3 - - 3.0 
d7 I,D 50.7 3.1 1.0 '1.8 117.5 21.5 - - 8.1 
dli L 50.8 2.5 1.6 12.2 12.8 19.4 - - 2.6 
d1l LD '18.3 3.0 1.1 6.4 117.1 22.2 - - 6.2 

2 1 6d14 1, 46.2 3.4 1.2 12.1 14.3 . 1- 3.0 
d14 LD '16.9 3.3 0.7 4.5 18.1 2 4 .9 f- 9.6 

Z12 	 d2 ,LD 45.5 '1.1 0.6 2.9 18.1 31.5 6.1 1.91 17.1
 
d4 LlD '17.6 3.9 1.2 2.8 17.8 26.0 '1.9 1.27 
 6.6 

III = 40 	 d4 L,16.9 3.3 1.1 10.1 1,4.2 22.2 4.9 1.08 3.6 
uE, 2 .- i 	 d6 1,D '15.1 3.4 0.7 2.5 18.7 26.4 5.0 !.30 47.6

d8 I LD 47.7 3.9 0.7 2.6 19.3 27.2 5.9 1.60 117.9 
T= 30'C 	 d8 L '17.2 3.4 1.1 12.0 13.0 20.6 5.7 1 17 2.8

dlO ILD 47.6 13.9 	 11.2 28 18.7 23.6 5.1 1.20115.1 
d12 LD '1.7 3.5 	 I0.7 3.0 18.8 24.5 5.2 1.28 I1'.4 
d12 L 3'1.9 3.9 2.5 18.9 12.2 24.8 5.0 1.23 1.96 
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Table 21 	 continued. 

Fatty acid composition as % Dry

Strain Day Condition (% of total fatty acid) weight
 

16:0 16:1 18:0 18:1 18:2 18:3 TFA!6
d5-IZ12 

,Otdo '2=406.2 13.7 11.2 56 	 18.3 123.9 1 7.1 1.7 7.5 
19 0 23.0 1:6 1 1.05 8.9

47.2 3.9 11.4 1.7uEm* 40 d7 

T= 30 CII 

Z13 d2 L 18.1 15.8 0.9 1.7 16.1 22.3 ,2.3 1.02 8.2 

d2 LD 49.7 13.8 10.9 2.8 17.8 22.6 4.1 0.9 1.4 
d4 L 48.2 4.2 0.6 6.9 15.3 22.8 5.2 1.18 5.5 
d4 LD 52.0 3.5 0.7 1.2 18.0 22.7 4.4 1.01 33.9 
d6 L 51.1 13.7 0.9 9.3 13.4 20.5 4.2 0.86 3.7 
d6 LD 52.7 3.2 I 0.,1 18.6 21.2 2' 0.91 100.0 
d8 1, 50.1 3.5 10.7 10.9 13.2 19.6 5.0 0.97 3.0 
d8 LD 52.1 3.8 0.5 1.9 18.1 22.3 '1.5 0.99 21.3 
dlO L 51.5 3.7 0.5 12.3 11.8 18.5 5.4 0.99 2.5 
dlO LD 50.29.1.0 1.8 1 0.2 117.8 23.7 .. 9 1.16 207.5 

'4.9 115.5 
(12 1, 15.7 I4.8 1.5 1 5.5 15.9 23.0 5.2 1.2 7.1 
d4 LD 46.9 4.5 1.2 10.7 13.2 20.3 5.3 1.1 3.1 
(&I L ,17.4 '4.8 1.0 3.9 16.4 23.5 5.0 1.2 10.2 
d6 LD ,16.9 4.1 1.0 112.1 12.6 20.1 5.3 1.1 2.7 
d6 L .46.9 ,A 0.9 3.3 17.4I 21.5 5.3 1.3 12.7 
d8 LD ,16.7 4,1.2 0.9 3.8 17.2 24.3 6.2 1.52 10.9 
d7O LD 47.1 4 1 08 37 74.3 5.7 IA 11.3 
d12 L 318 3.6 2.5 3.6 1.6 25.8 5.0 1.3 1.9 
d12 LD 47.0 3.9 0.9 3.2 17.5 21.8 5.8 1.5 13.2 

d01 1~ 14.' 1 10.9 18.1 22.5 15.3 1.181 

11.d14 L 48. 6 2.26 11.100.. 29.9 17.5 2.7 0.82 1.029.0 12.5 
64 LD 21.7 .5 0.95 3.2 17.3 241.9 6.0 1.5 13.2 

Z17 	 d10 48.6 3.6 0.9 6.5 15.6 22.5 ,4.6 1.03 5.9 
dt2 L 485 3.7 0.8 3.6 16.6 2,4.2 5.2 0.259 11.3 
d4t LD 493 3.4 1.0 10.0 13.3 20.3 5.1 1.03 3.4 

III 	 = 40o 1 , 48 .1 3A, 0.8 2.9 17.3 25.0 ,1.9 1.23 1,4.6 
m2.-d 6 LD 483 3.5 0.8 2A, 18.3 241.9 5.0 1.25 18.0 

d8 L 46.9 3.A 1.2 12.6 12.7 20.5 5.6 1.15 2.6 
T= 30-C d8 LD 48.5 3.6 0.7 2.3 18.3 24.0 6.2 1.49 18.A 

dlO L '8.4 3.8 0.9 2.2 8.5 23.8 5.3 1.25 19.2 
d12 LD 32.8 3.1 2.,4 21.5 12.0 25.6 5.1 1.30 1.8 
d12 19.3 4.6 0.6 2.5 117.5 22.7 5.8 1.32 16.1 

Z17 	 d5 Outdoor '25.5 '2. 0.9 1.4 19.0 I242.0 5.5 1.331I 9.8
 
d6 '7.0 3.'4 1.4 6.6 17.0 22.7 6.3 1.'44 6.0
 
7 47.0 3.8 0.9 5.7 16.1 2'1.9 '1.2 1.05 7.2 

d8 '7.5 3.4 1.3 5.8 14.9 26.1 '1.0 1.05 7.1 
d9 124.0 '.1 1.9 7.2 15.2 25.3 3.8 0.96 5.6 
dlO 43.6 13.6 1.6 I 7.0 16.3 26.4 3.5 0.93 6.1 
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Table 21 continued. 

Fatty acid composition as % 
Strain Day Condition (% of total fatty acid) Dry weight 

16:0 16:1 18:0 18:1 18:2 18:3 TFA GLA R 
PIP 

rf1=40 
dO 
d2 L 

148., 3.1 
48.8 3.7 

1.2 
0.7 

11.3 
7.7 

13.0 
1,1.3 

20.1 
22.2 

5.4 
5.4 

1.08 
1.20 

2.9 
4.8 

,E. 2 ..- d2 
d4 

LD 
L 

'18.9 
19.1 

3.3 
3.8 

0.9 
0.7 

9.8 
8.9 

13.3 
14.0 

21.1 
21.3 

5.1 
5.8 

1.08 
1.23 

3.5 
3.1 

T=30 C d4 
d6 

LD 
LD 

49.0 
4,0.1 

I3.1 
3.8 

0.9 
1.1 

6.0 
4.4 

15.1 
16.4 

23.6 
23.5 

6.1 
5.9 

1.41 
1.39 

6.5 
9.1 

(18 L '17.2 4.7 0.7 8.9 13.2 22.6 6.4 1.44 4.0 
d8 LD 17.3 .0 0.8 3.8 17.1 24.1 6.0 1.45 10.9 
dlO LD 48.7 3.8 0.8 3.4 17.5 23.6 6.3 1.47 12.0 
d12 L 29.9 2,6 3:0 28.5 10.7 22.7 5.3 1.12 1.2 
(112 LD 47.6 j.1:3 10.7 4.1 16.7 23.8 6.0 1.4'4 9.9 
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13IAXr II 

The use of inhibitor (herbicide Sandoz 9785) to select the strains resistance 
to analog and to study the fatty acid compositions of these strains. 

/" L.
 



PART II: The use of inhibitor (herbicide Sandoz 9785) to select the strains 

resistance to analog and to study the fatty acid compositions of 

these strains. 

RESULTS AND DISCUSSIONS 

1. 	 Effect of SAN 9785 on S. platensis wild type (BP) on growth and fatty acid 

composition 

The effects of tie herbicide SAN 9785 on the growth rate and fatty acid 

composition and content of the wild type (BP) strain were studied. The 

cultures were grown on media with and without 0.4 mN of SAN 9785. The 

biomass was harvested after 5 days cultivalion for fatty acid analysis. In the 

presence of inhibitor, the cultulre grew, at a slower growth rate than in the 

inhibitor-free medium (Table I). The growth rate reduced from 0.62 day-lto 

0.1.4 day "1 or doubling time incrensed to 118.8 hrs from 26.9 hrs. SAN 9785 had 

a notable inhibitory effect on the fatty acid profile of S. i latensis. Exposure 

of tie culture to SAN 9785 resulted in tle decrease in proportion of C18:3w6 

and C18:2 and the increase of C18:1 and C18:0 (Table 2). During incubation 

in medium with 0.,i mM SAN 9785 tie proportion of C18:3w6 declined from 26.6% 

(of total fatty acids) in inhibitor-free medium to 15.0% and C18:2 from 18.2 to 

9.3%, while C18:1 increased from 5.5 to 20.2% and Cl8:0 from 1.3 to 3.0%. 

Relatively small ;hanges were also observed in the C16 fatty acid series. The 

GLA content reduced from 1.10% (of dry weight) to 0.74%. Therefore. TFA 

content was often found to be higher in the presence of SAN 9785 indicating 

that TFA synthesis might not be inhibited by this inhibitor. SAN 9785 showed 

an effecL on fatt.y acid desaturation, particularly tile transformation of oleic 

acid (C18:1) to linoleic acid (W18:2). Linolcic acid is further desaturated to GLA 

in S. pLaLensis. Due to its inhibitory effect, we chose SAN 9785 as an inhibitor 

for the selection of GLA over-producing strains. The over-producers of GLA 

might be found among SAN 9785-resistant strains of S. platensis. 
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Table 1. Effect of SAN 9785 (0.4 mnM) on the growth rate of Spirulina
 
latensis in the wild type strain (1P)
 

Culture condition Specific growth rate (p) Doubling time 

(day- ) 	 (hour) 

No inhibitor 0.62 	 26.9 

0.4 mMi SAN 	 9785 0.1,4 118.8 

Table 2. 	 Effect of SAN 9785 (0.4 mtM) on the fatty acid composition and 

content of Spirulina plitensis in the wild type strain (1P) 

Culture Fatty acid composition Fatty acid content 
condition (% of total fatty acid) (as % Dry weight) 

16:0 16:1 	 16:3 18:0 18:1 18:2 18:3 18:3 TFA 

No 42.5 ,.4 1.5 1.3 5.5 18.2 26.6 1.10 4.14i
 
1
inhibitor 

0.4 mM 149.5 2.,4 1.5 3.0 20.2 9.3 15.0 0.74 4.93
 
LSAN 9785 

2. Effect or SAN 9785 on photosynthesis 

It has been known that there are at least four types of mechanism of 
action of the pyridazinones in plants (6). Relative influence of the 
pyridazinones on the fatty acids, pigments and the inhibition of the Hill's 
reactioi, depends on the structure of compound. The experiment Spjrulina 
showed the influence of SAN 9785 strongly effect on decreasing in linolenic 
acid accompanied by an increase of oleic acid (see 'Fable 2). In this 
experiment, effect on photosynthesis was sLudied in Spirulina 719/2. The 4 
days old culture grew in media with and without 0.4 mMl SAN 9785 were used 
for photosynthetic measurement. The cells were filtered, washed and 
resuspended in fresh media to a concentration of 2 ing chlorophyll/litre. The 
photosynthesis was measured in the presence andabsence of SAN 9785. Oxygen 
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2evolution was measured at the light intensity of 160 jiE n .s 1. Table 3 shows 
that photosynthesis in Spirulina Z19/2 decreased almost 79% in the presence 
of SAN 9785. In an other experiment we studied with the Z19/1 strain, both 
cultures that previously grown in the presence and absence of SAN 9785 
showed the 85% reduction in photosynthetic rate when exposed to the 
inhibitortherefore, the effect was reversible. The photosynthetic activity 
regained to normal almost immediately by after the removal of the inhibitor. 
No recovery period was required in contrast to the effect on linolenic acid in 
which protein synthesis (desaturase -nzyme) may be inhibited. The result 
suggested Lhe role of GLA which may not be involved in photosynthesis. In 
separated experiments, cells grown in the presence of the inhibitor contained 
not the chlorophyll a and TFA (% or dry weight) less than the control. SAN 
9785 did not directly affect on pigment formation and TFA in Sirulina. This 
is in agreement with that reported by Eder [71. Its effect seemed to be on the 
light harvesting reaction center thus less energy was generated and growth 
rate was reduced. 

Table 3. Effect of SAN 9785 on photosynthesis of Spirulina. 

Strain Growth condition Measuring condition 02 evolution 
_ mole 02 hr- .mg ch 

Z19/2 Without SAN 9785 Without SAN 9785 568 
With SAN 97185 Not determined. 

With SAN 9785 Whithout SAN 9785 642 

With SAN 9785 135 
Z19/1 Without SAN 9785 Without SAN 9785 789 

With SAN 9785 116 
With SAN 9785 Without SAN 9785 796 

With SAN 9785 122 

In h e other experiment, we studied the effect of SAN 9785 on 
photosynthesis at different temperatures. The cultures that grown in normal 
Zarrouk's medium was measured for their photosynthetic rate in the absence 

and presence of 0.4 mM SAN 9785 of. 27 and 35'C. At 35'C, tie photosynthetic 

rate was higher than that measured at 27"C, both in the presence and the 
absence of tie inhibitor (Table 4). SAN 9785 inhibited about 85% of the 

photosynthetic rate both at 27"C and 35'C. It seemed that the inhibition of 
SAN 9785 was not depended on the te,-perature. 
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Table 4. The effect of SAN 9785 on the photosynthesis as measure by 02evolution; mole 02 hr'.mgch" ) at different temperatures 

Measuring temperature 

CC) 

27 35 
conditionMeasuring 

Without SAN 9785 384 706 
With SAN 9785 73.8 137 

3. Recovery of cell from the effect of SAN 9785 

To see whether or not the cells can recover after exposure to the 
herbicide, the cells cultivated in the presence of 0.4 mM SAN 9785 for 5 days 
were harvested and washed with fresh medium for several times to remove the 
residue of SAN 9785. The washed cells wer-e resuspended in the inhibitor-free 
medium and incubated at 10 and 24 hours before being harvested for fatty 
acid analysis. 

Figure 1 shows that growth rate of treated cultures was resumed to 
normal when the inhibitor was removed from the medium. Its chlorophyll 
content increased from 5.6 to 9.95 mg/I after 24 hours compared with 6.8 mg/1 
in the presence of SAN 9785. Increase in growth rate corresponded with 
changes in fatty acid composition. The level of C18:1 decreased from 22% to 
17% and 7% after 10 and 24 hours, respectively. A decreased in C18:1 wa, 
paralleled with an increase in C18:2 and C18:3 (Table 5). 
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Figure 1. 	 Effect of SAN 9785 and the recovery of cells in the inhibitor-free 

medium on growth rate of Spirulina BP. 

(0, inhibitor-free medium; *, 0.4 mM SAN 9785; *-A, transferred 

to inhibitor-fee medium). 
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The study revealed that the synthesis of C18:3 was in connection with 
desaturation of C18:1 to C18:2 and then to C18:3. While SAN 9785 caused the 
accumulation of C18:1 in Spirulina, the accumulation of C18:2 instead, was 
reported in some higher plants [81. 

Table 5. Fatty acid composition of cells recovered from media containing 
inhibitor to inhibition-free medium of SRiulina BP strain. 

Fatty acid composition Fatty acid content 
% of total fatty acid) as % Dry weight 

Medium Time 
16:0 16:1 T16: 18:0 18:3 18:3 TFA 

5d 
aI 

5 40.8 6.4 2.3 1.1 4.8 17.3 
I

27.2 1.01 4.2 
+Sd 144.8 2.7 1.5 3.9 21.1 11.2 15.1 0.63 4.1 
+ 6d 45.1 3.5 0.8 ,1.2 22.1 10.9 13.4 0.58 4.3 

4 4 5b 10hrs . 3.8 11 3.5 16.7 14.8 15.6 0.66
 
,- 24hrs 42.8 5.8 11.8 2.0 6.7 
 16.0 24.9 1.03 - 4.1 

a (-I inhibitor-free medium. +) medium containing 0.4 mM SAN 9785;
 
b - (+,-) transferred culture back to inhibitor-free medium.
 

4. Effect of SAN 9785 and temperature on fatty acid profiles 

Effect of temperature on fatty acid composition has been reportedin 
many cyanobacteria (9,10.11,7). The study by Cohen (9) and this study showed 
that Spirulina growing at temperatures below its optimum (35'C) contained 
higher percentage of C18:3. The role of C18:3 in Spjrulina might be associated 
with chilling tolerance as that as described in Synechocystis by Wada and 
Murata (12). The inhibition of SAN 785 on synthesis of C18:3 was studied at 
25'C, 30"C and 37'C in wild type and r-cistant strains. The study showed that 
C18:3 was more inhibited at 37"C than 30'C and 25"C, in descending order 
(Table 6). In addition to the reduction of C18:3, the decrease in C18:2 was 
observed at 30'C and 37"C in concomPant to the accumulation of C18:1. At 
25'C, only slightly change of C18:2 and less accumulation of C18:1 was 
observed. A reduction of C16:1 was noted at this low temperature both in BP 
and Z19/2 strains. The difference in fatty acid profiles of Srulina at these 
three temperatures inthe presence of SAN 9785 indicated that the desaturation 
rA C18:3 may be regulated differeniy at low and high temperature. 
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Table 6. 	 Effect of temperature on the fatty acid composition in the
 
presence and the absence of SAN 9785.
 

Fatty acid composition Fatty acid content 
Strain Temp Medium (% of total fatty acid) as % dry weight 

16:0 	 16:1 18:0 18.1 18:2 18:3 18:3 GLA 
_a 

BP 25 a J7.75.5 1.9 14.6 17.6 27.7 1,2 4.3 
+ 49.7 0.42 1.7 17.6 17.4 23.2 0.6 2.4 

30 45.8 6.4 2.1 6.4 14.2 25.1 1.0 4.0 
50.3 6.2 3.5 18.1 8.4 13.5 0.5 3.6

37 + 49.4 3.8 0.1 10.0 13.9 22.8 0.9 4.1 
52.2 3.0 2.6 24.0 7.4 10.9 0.4 3.5 

Z19/2 25  44.2 3.3 1.5 3.2 18.9 28.9 1.2 4.2 
+ 49.2 2.5 1.1 5.9 17.8 23.5 0.8 3.4 

30 - 46.0 4.8 1.8 5.3 15.6 26.5 1.3 4.8 
+ 49.9 6.3 2.5 15.8 9.7 15.8 0.7 4.4 

37 Not 

deter- L
 
mined 
 _ 

a - H inhibitor free medium. (+) medium containing 0.4 mM SAN 9785. 

5. Selection of strains resisted to SAN 9785 and the analysis of fatty acid 
composition of the selected strains. 

Previous studies in our laboratory shown that Spirulina strains could
 
grow in media containing upto 
 0.4 mNl SAN 9785. In orderto get strains 
resisted to SAN 9785, Spirulina BP and P4P were inoculated into 3 ml Zarro',k's
 
media containing 0.4-1.2 mM SAN 9785. The 
 cultures were incubated under 
fluorescent light for 30 days. The survived cultures wete picked up for 
isolation using dilution method in Zarrouk's media with and without 	inhibitor 
(obtaining colonies derived from single cells on agar plate was considered as 
a difficult task due to its filamentous form). Cell from the last tube showing
growth was 	 kept on agar slant. To enhance the possibility of getting high
resistant strain. These selected cells were exposed to SAN 9785 once again and 
reisolated. Morethan 50 cultures were selected and 19 strains were used for 
further testing. 

To test for the degree of resistance, growth of each selected strain was 
followed in Zarrouk's media containing various concentration of SAN 9785. The 
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growth conditions were 30"C, 80 liE.m-2.s-1 light intensity and 150 rpm in 
shaking incubator. If cell was able to grow and if the concentration was too 

high, the culture was diluted by half with fresh media containing appropriate 

SAN 9785 concentralon. The concentration of SAN 9785 in the culture was kept 

constant through out the experiment. Figure 2 shows the growth curve of BP, 
iB, 17B and Z19/2 in the media with and without SAN 9785. Generally it could 
be concluded that most of the culture could grow in the presence of low 

concentration of SAN 9785 (0.32-0.4 mM) but at different growth rate. 

Increasing inhibitor concentration resulted in the decrease in Lhe growth rate 
and cell bleaching. Cell eventually died. The survival period at each inhibitor 
concentration and the lethal concentration varied aninng'the strains. 

100 

o 10 

I, 

0 1 2 3 4 5 

Time (days) 

Figure 2. 	 Effecct of SAN 9785 on growth rate (chlorophyll absorption 

divided by initial chlorophyll absorption) of Spirulina cultures. 

(o, BP; A, Z19/2; 03, 17B;O, ZIB; open symbol represents 
the culture grown in the inhibitor free medium; filled symbol 

represents grown in medium with 0.4 mM SAN 9785). 
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Degree of tolerance was compared by dividing the strain into 2 groups.
The first group included BP, P,|P, India and 2340 strain. All never been 
exposed to SAN 9785. The rest called the selected strains which had been 
exposed to inhibitor at various concentrations. Except 2340, all strains from 
group one grew well at media with 0.4 ni?! SAN 9785. In the case of 23,10, we 
found that growth was better at 0.2 and 0.32 mM SAN 9785 but eventually cell 
died afer 28 days. The least resistant of this strain might be related to the 
very low percentage of GLA content. Cohen et al. (9) reported that among 19 
strains of Spirulina, GLA content of 23,10 strain was only 8% while the rest 
composed of 19.3 to 31.7%. This was in agreement with our test inwhich GLA 
was only 13.2% while the li.noleic acid was 28.3%. At high SAN 9785 
concentration, BP was the most sensitive to inhibitor. At 0.6 mM, cell (lied
after 19 days. P4P showed slightly growth at 0.6 mM but could tolerate up
 
to 30 days. Strain 
 India was the most resistant strain of group 1. 
Morphologically, its filament was a straight chain rather than spiral. 

Since the culturesin group II were selected from BP and P4P after 
exposure to SAN 9785, the tolerance of the group II culture was compared with 
BP and P4P. Several strains of the Group II were foundto be more resistant 
than BP and P4P. These included ZIA, Z1B, Z5B, Z17B, Z19 and Z19/2 strains. 
Table 8 shows that the cultures grew quite well in 0.8and 1.0 mM SAN 9785 
and survived more than 26 and 21 days, respectively. 
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Table 8. 	 Growth of wild 

9785. 

Group 	 Strain 

Day 

BP 	 8 

14 

19 

7 

P4P 

14 

32 

II Z1A 	 7 


11 


14 


19 

21 

28 

31 

ZIB 	 10 

13 
21 

31 

39 

9 

22 

29 

,14 

nd 

type and selected strains in the presence of SAN 

SAN 3785 concentration (mM) 

0.80 1.00 

Optical density Day Optical density 

(560 im) (560 nm) 

0.11 8 0.09 

0.22 14 0.23 

died 19 died 
0.16 7 0.16 

0.50 14 0.21. 

died 30 died 

0.15 	 7 0.12 
0.27 	 11 nd. 

0.41 	 14 0.26 
0.67 	 19 11d. 
0.75 	 21 0.42 

0.52 28 nd. 

died 29 died 

0.54 	 7 0.14 

0.95 	 it 0.27 
0.72 	 20 0.35 

0.62 	 21 0.460 

died 	 30 0.52 

36 died 
0.26 	 15 0.47 

0.45 25 0.60,dil. 

0.53,dil 33 0.25 
died 36 0.39 

bleached 
nd 14 0.36 

21 0.60 

28 0.90 
32 diluted 

37 died 
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Table 8 continued. 

iSAN 9785 concentration (mM) 

rust0.80 11.00 

Day Optical density Day Optical density 

(560 nm) (560 nm) 

II Z19 35 flake 7 0.10 
45 died 11 0.18 

17 0.36 

21 0.48 
29 died 

Z19/2 6 0.51 6 0.12 
9 0.64- - 

diluted 
16 0.42 1.1 0.41 

19 0.43 20 0.75 
26 0.50 23 0.93

diluted 
32 died 26 died 

Group I - The wild type, never been exposed to SAN 9785. 
Group II - The selected strain from SAN 9785 resistant. 
diluted - Diluted by half with fresh mnedium with coresponding SAN 9785 

concentration. 
nd - Not determined. 

The selected strains might be categorized into 3 groups according to 
their ability to grow and survive in the presence of SAN 9785 (Table 9). First 
group included Z6, Z6/310, Z7, and Z13 which grew well at 0.2-0.1mM SAN 9785. 
Z1, Z1A/1, Z1C, ZID, Z2. Z6A, Z10. Z18 and Z20 were in the second group that 
grew at 0.6-0.8 mM SAN 9785 and the last group included ZIA ZIB, Z513 Z17B, 
Z19 and Z19/2 that grew well at 0.8-1.0 mM SAN 9785. It should be noted that 
in each group, cells could survive at higher SAN 9785 concentration reported 
but no growth was observed. 
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Table 9. 'he selected strains categorized by the ability to grow in 
various SAN 9785 concentration 

SAN 9785 concentration (inN) 

0.2 - 0.4 0.6 - 0.8 0.8 - 1.0 

Strain Z6.Z6/310,Z7,z13 ZI1,ZA/1,Z1C.ZIDZ2,Z6A,ZO, Z1A.ZIB,Z5B.Z17BZ19, 

Z18,Z20 Z19/2
 

To determine whether the -Arains resistant to SAN 9785 would produc,' 
higher- GLA than the wild type, the cultures were cultivated in normal 
Zarrouk'smedia uizder the laboratory and outdoor conditiols. Fatty acid 
analysis of these cultures were performed. Data are shown in Table 10. Each 
figure represented the average of jiany experiments. Fattyacid composition of 
Spirulina varies during the growth phase and depending upon the growtlh rate 
(9). On the average basis, however, each culture did niot show much difference 
on fatty acid profiles among the laboratory experiments particularly of PUFA 
(C18:2 and C18:3). Nevertheless, TFA varied depending on growth conditions. 
Moreover, PUFA of the outdoor cultures were higher than those of laborator, 
cultures. EvenLhough the percentage of C18:3 was higher in Z19 anid Z19/2 
thatn that of the wild Lype (in the absence of SAN 9785), we could not indicate 
from the data the relationship between the resistance to SAN 9785 and the 
content of C18:3 except in the case of strain 2340 stated earlier. 
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Table 10. The average value of fatty acid composition and content of 
Spirulina cultivated under laboratory and outdoo. conditions. 

Fatty acid 
(% of total 

composition 

fatty acid) 

Fatty acid content 

as % Dry weight 

Ep.Strain Condition 16:0116:1118:0 18:118:2118:31 18:3 

I B La) () 18.0 33166.0 16.3123.11 1.25. 

ut3.6 
Lab (2) 

Out (1) 

Lab (1) 
Lab (2) 

3.5 
[46.2 3.8 

1415.5 3.5 
18. 2.8 

0.9 
1.7 
1.0 

'1.4 
1.-1 

1.6 18.4 24.3 
'.0 15.7 22.5 

1.217.6 25.8 

9. 7 11.9 2.1.8 
'1.0 1289.3 13.2 

1.5 
1.1 
1.6 

1.6 
0.7 

6.3 
4.8 

6.1 

6.5 
41.5 

Z1A 

Lab (5) 

Nit ('4)
Lab (9) 

16.215.1 

116. 13.8 
.12.5 1.7 

1.8 

1.1
1. 

6.915.121.9 

5.0 17.2 221.4
5.3 15.9 22.8 

1.2 

IA' 
1.35.6 

5.2 

5.') 

ZIA/1 

Z1B 

ut 

Lab 

Out 
Lab 

(4) 

2) 

(1) 
(8) 

4.23.3 
19.73.6 

4-6.214.0 
115.0 5.4 

1.6 

1.6 

1.7 
1.1 

6.0118.9124.6 

8.915.1 18.81 
8.9 15.3 22.81 
5.416.2 22.6 

1.2 

1.1 

1.0 
1.3 

4.8 

6.6 

4 
5.3 

IE 

Z1C OutLab 

tit 

(4)(3) 

(4) 

112.9 5.5i114.1 8.3 

[46.7 2.2 

1.71.5 

1.6 

6.7 17.31 24.55.2 15.5 22.31 

6.2 18.2 22.2 

1.31.0 

M. 

5.24.6 

4!.6 

ab (2) 51.0 3.4 2.0 8.6 19.6 19.6 0.9 4.8 

Z2 

Z5B 

ut 

Lab 

DutLab 

(2) 

(2) 

(2)(3) 

45.5 3.9 
17.9 3.1 

,15.3 3.91t9.9 3.5 

1.5 

1.7 

1.61.7 

6.0 22.8 

17.519. 

7.824.07.2120.9 

22.3 

19.4 

2-1.20.9 

1.1 

1.1 

1.21.1 

5.0 

5.1 

5.35.1 

Out (7) 14.,4 3,5 1.6 7.3 24.0 24.0 1.3 5.3 

Z6 

Z6A 

Z6/310 

Z7 

Lab (6) 

ut( 5) 

Lab (6) 
Out (2) 
Lab (2) 

Out (1) 

Lab (2) 

46.6 5.3 

13.811.7 

16.7 6.7 

[13.6 6.7 
51.1 1.5 

,18.5 2.9 

'16.7 3.0 

1.4 

1.5 

1.8 

1.3 

1.8 

nd. 

1.5 

5.6 23.1 23.1 

6.4 23.7 23.7 

5.4 21. 121.8 

6.323.5 23.5 
6.622.1 22.1 

5.7 26.6 26.6 

3.6 23.4 23.4 

1.3 

1.3 

1.1 

1.3 

1.1 

1.4 

1.1 

5.7 

5.3 

4.8 

5.6 

5.1 

5.4 

4.7 

Z13 

Out (3) 

Lab (3) 

119.0 2.3 

'9.5 3.8 

.8 

1.6 

1.0 

1. 

1.023.6 23.6 

6.3 21.7 

1.0 

1.0 

1.0 

4.1 

4.8 

4.7 
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Table 10 continued. 

Fatty acid composition Fatty acid content 
(%of total fatty acid) its % Dry weight 

Exp. Strain Condition 160 16:1 18:0118:1 1TFA 

11 Z17 Lab H) l8.4 3.7 1.5 .8 17.2 24.7 1 5.7 
Out (3) 13.7 1.1 11 6.8 118.8 23.9 1.3 5.5 

Z18 Lab (3) 18.3 2.4 '1.3 .5 15.2 22.51 1.0 ,.1 
Out (1) 15.1 3.9 1.2 }.8 17.0 25.3 1.1 5.,, 

Z19 Lab (2) 15.2 2.9 1.0 p2., 17.5 26.2 1.3 5.1 
Out (1) 1i1.14.9 10.9 1.,1 19.'4 28.7 1.8 6.3 

Z19/2 Lab1 (1) 14.6 3.9 JI1.1 .5 16,0 2)2. 3 1.3 6.0 
Lab (2) 12.3 11.4 1.1 5.2 16.9 27.9 1.2 I.1 

Z20 Lab (5) 11.- 5 3. " 11 -3 -9 f17-0125 7 1.3 5.0 
Ou*L (5) 15.0 3.5 1.1 2 17.0123., 1.3 5.4 

Lab - LaboratoirvexperimenL: 

Out - Outdoor experiment; 

Numbers in parenthesis are repetition of the experiments. 
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Not only the genetics, environmental conditions affect the GLA content 
of Spirulina. In other experiments. ,Iselected strains and a wild type BP were 
cultivated under the same conditions (30'C. -90 itE.m'.s-). Their chiotohyll 
concentration were kept constant aL 4 mg/l. Fatty acid profiles of Ihese 
strains are 	shown in 'rable 11. 'gain we did not see mtch the difference of 
C18:3 among the resistance and the wil L.vpe. The phy'siology/ of each 
resistant i :rain might be changed Lltus the condiLions for 1h., maximum CLA 

production might be varied. 

Table 11. 	 The comparison of fatly acid composiLion among BP awd the 

selected strains cultivated under the same condition (30'C, 
9 - 190 ItE.m -9.s light inteniLy: seti-continuous condition) 

Fatty acid composition I Fatty acid content 

(% of tot.l fatty acid) as % dry weight 

Culture 16:0 116:1 118:0 118.11, 211 18:3 GAIBP 145.9 11.6 1.9 6. 7 1691631.4.21 

ZIC 50.5 3.5 rid. 9.1 12.6 122.0 1.0 41.6 

Z18 16.8 3.7 0.7 6.5 13.9 28.1 1.1 3.9 

Z19/2 ,12.A 5.2 0.8 4.2 18.7 27.7 1.3 4.7 

nd. - Not determined, 
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The data from bat.ch experiments of the selected resistant strains 
indicated that the high GLA-producing strains might be found (Table 12). 
Studies onthe physiology of each strain and more experiment on cultivation 
conditions in outdoor cultures is neeled prior to the decision on suitable 

strains fw-"GLA-producer in large scale. 

Table 12 	 The fattv acid composition in the high GLA-producing strain 
(batch condition) 

Fatty acid composition Fatty acid content 
(% or totwl fatty acid) as % Dry weight 

Culture Condition Day 
16:0 16:1 118:0 18:1 18:2 18:3 18:3 TFA 

{LD) 1,12.71 0.7 1.9 	 , 1.Z1B ILab 2 ,1.4,I , 19.t3. 	 :1.2 

3 11.1 5.8 0.5 1.0 21.0 30.7 1.2 3.8 

1 140.3 5.0 0, 1 1.0 20.7 31.9 1 1.6 '.9 
7 38.9 5.0 0.5 1.9 20.1 32.9 1.6 ,.9 

5 ,12.2 1.8 0.5 1.7 19.9 29.7 1.7 5.4 

9 10.1 41.5 0., 2.1 19.9 31.2 1.4 4.6 
11 ,13.0 '4.7 0.4 2.3 18.8 29.9 I.,l ,6 

Outdoor 2 ,14.,A 3.7 0.7 1.1 20.4 21.5 1.5 5.4 
3 47.0 5.1 2.7 0.5 17.1 27.6 1.8 6.7 
,1 44.4 1.6 1.2 1.0 17.5 25.8 1.7 6.5 

'1. 1.15 41.8 	 4 7.3 17.8 25.2 1.5 6.1 

6 38.8 ,.5 2.1 9.2 16.1 27.2 1.5 5.6 

g19 Lab 	 (LD) 3 i0.5 25 0Z 21.88 5 .2 1.5 6.9I 
4 41.2 3.1 0.6 2.2 18.8 28.9 1.7 5.9 

5 ,1.3 3.2 0.6 2.3 18.8 29.9 1.6 5.A 

6 12.3 2.8 0.7 1, 18.5 29.5 1.6 5.1 
Outdoor 2 '14.1 5.7 0.'A 3.0 19.7 26.0 1.8 6.8 

3 	 43.2 5.3 0.5 2.8 18.6 27.61 2.2 8.0 
, 10.9 6.3 0.9 2.8 17.9 29.7 2.4 8.2 

5 40.7 6.0 0.5 ,1.6 17.0 29.71 2.3 7.6
 

6 39.0 4.6 0.3 2.7 19., 31.0 2.A) 7.7 

7 = .I ]A 6.8 17.3 28.9 2.0 7.0
 

(LD) - Light 12 hrs. Dark 12 firs. 
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6. Degree of SAN 9785 inhibition to the wild type and the selected strain 

The previous data did not clearly shown that the selected strains 

growingin normal Zarrouk's medium could produce hogher GI,A than the wild 

type. In this study, we chose Z19/2 to study extensively on the inhibitoky 

effect of SAN 9785 in comparison with BP strain. 

6.1 Growth 	 inhibition 

Attempts have been made to grow both strains in media containing 

various levels of the herbicide in order to demonstrate that the Z19/2 strain 

was more resistant than the BP strain in the presence or the inhibitor. 

The strains were grownin media containing different concentrations of 

SAN 9785 i.e.. 0, 0.4, 0.6 and 0.8 mM. The biomass was harvested after I days. 

SAN 9785 inhibited growth of both the wildtype ,idthe resistant culture. 

Reduction ii growth rate of both cultures was evident at higher herbicide 

concentration (Table 13). Growth rate of BP strain was inhibited 78 and 89% 

in the presence of SAN 9785 0.4 and 0.8 mMl, respectively, while Z19/2 was 73 

and 86%, respectively. 

Table 13. 	 Effect of SAN 9785 on the growth rate of S. platensis in the wild 

type (BP) and the resistant strain (Z19/2). 

StrainFInhibitor conc. Specific growth rate (Q) Doubling time % Inhibition 
I (MM) 	 (day - ] ) (hour) 

BP 0 0.63 	 ho26.4 

Z19/2 0 0.69 	 23.8 

BP 	 0.,1 0.14 118.8 78 

Z19/2 	 0.4 0.19 87.6 73 

BP 	 0.6 0.11 151.2 83 

Z19/2 	 0.6 0.13 127.9 81 

BP 	 0.8 0.07 237.6 89 

Z19/2 	 0.8 0.10 166.3 86 
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6.2 Fatty acid inhibition. 

SAN 9785 had a notable inhibitory effect on the fatty acidprofiles of -S. 
platensis. Exposure of BP and Z19/2 to SAN 9785 resulted in decrease in the 
proportions of C18:3w6, C18:2 caG and increase in that ofC18:1 and C18:0 (Table 
14). In the presence of 0.8 imM SAN 9785. the proportion of C18:3 (46 in the BP 
declined from 27.9% (of total fatty acids) in inhibitor-free me.hium to 12.4% 
while thelevel of C18:3w6 in the Z19/2 strain decreased from 28.5 to 16.4%. The 

levelof C18:2 in the wild type decreased from 17.6 to 9.7%,. but only from 18.9 
to 11.8% in the resistant. The reduction of C18:3 6)6 and C18:2 accompanied by 
ain increase in the level of C18:1. which increased from 5.6to 18.4% and 3.8 to 

14.7%in the wild type and the resistant strain. respectively (Fig. 3). The GLA 
content was also reduced from 1.3% (of dry weight) to 0.49% and from 1.4 to 
0.72% in BP and Z19/2, respectively. The resistant strain had higher content 
of GLA in all herbicide concuntrations studied. The percentage of C18:3w6 and 

C18:2 were always higher, while that of C18:1 was always lower in the 
resistant strain. Invoking the R value [C18 desaturtion ratio = (18:3 + C18:2) 
/ C18:11, the R value in the resistant strain are always higherthan in the wild 
type strain. The study revealed that Z19/2 which was more resistant to SAN 
9785 could grow faster and had higher fatty acid contentin tie presence of 
inhibitor than the wild type BP. 

It is difficult at present, to point at the mechanism(s) of resistance to 
the herbicide. Murphy et al. (8) have shown that the uptake of SAN 9785 

varies in various plants. They have further shown that the herbicde was 
rapidly metabolized in peri but only gradually in cucumber and ryegrass (8). 
O1her possibilitiks could involve the modification of the target enzyme to 
reduce its affinity to the inhibitor oran increase in the level of the relevant 

enzyme (12). The increaseof GLA in S. platensis and EPA in P. cruentum may 
be attributed to one of the Last two mechanisms (13). Thus, over-production 
could be a means for counteracting the effect of the herbicide (13). Since tile 
inhibitorinhibits the synthe- of GI,A, the ability to resist to inhibitor might 
relate to the ability to synthesize higher GLA than the less resistance one. 
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rable 14 Effect of SAN 9785 or) fatty acid composition and content of the 
wild type (BP) and SAN 9785 resistant strain - (Z19/2) 

Strain SAN 9785 

(MM) 

BP 0 
Z19/2 0 

BP 0.4 

Z19/2 0.4 

BP 0.6 

Z19/2 0.6 
BP 0.8 
Z19/2 0.8 

R:C18 desaturation 

conc. 

ratio 

Fatty acid composition 

(% of total fatty acid) 

16:0 16:1 18:0118:1 18:2 18:3 

41.5 5.2 1.1 15.6 17.6 27.9 
40.2 6.7 0.8 3.8 18.9 28.5 

46.4 6.6 .2 16.9 11.4 15.7 

47.0 5.5 .2 13.7 12.6 17.8 
51.1 2.8 3.2 17.6 10.1 13.5 

46.6 6.3 .5 14.4 12.0 17.1 
52.5 1.! .9 18.4 3.7 12.4 
47.815.4 2.8 141.7 111.8 16.4 

= (18:3+18:2)/18:1. 

Fatty acid content 

as % Dry weight 

18:3 

1.30 
1.40 

0.72 

0.82 

0.54 

0.80 
0.49 

0.72 

__7_ R 

TFA 

4.66 
4.91 

4.56 

4.61 

4.00 

4.68 
3.95 

4.39 

8.1 
12.5 

1.6 

2.2 

1.3 

2.0 
1.2 

1.9 

53 



35 

30 

a
 
0"
~25 

x0
 

0 0.2 0.4 0.6 0.8 1 

SAPJ9785 CONJC (mM) 

35 

301 

025

20 

U,.
 

0
 
X 10 - '...- ___ 

0 o.2 .0.4 0.6 0.8 1. 

"SAN9785 CONC (mM) 

Figure 3. Effect of SAN 9785 concentration on C18:1, C18;2 and C18:3. 

(0, C18:1; 03, C18:2; V, C18:3; open symbol represents BP strain; 

filled symbol represents Z19/2 strain). 
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PART III: The extraction for Gamma-Linolenic Acid (GLA) 

RESULTS 	AND DISCUSSIONS 

Extraction of Gamma-linolenic acid from Spirulina platensis BP-1 

1. Use of organic solvent in the extraction of fatty acid 

Several organic solvents were used to extract fatty acid from Spirulina. 
Table 1 shows dielectric constant of the used solvents. Percent recovery in 
Table 2 reveals that the extraction of total fatty acid and GLA depended on 
the polarity of the solvent. Ethanol which has the highest polarity gave tile 
best result with hexane was the least. 

Table 1. 	 Dielectric constant of various organic solvents at 25'C. 

Organic 	 solvent Dielectric constant 

llexane 1.90 (lowest polarity) 

Ethylacetate 6.02 
Acetone 20.70 

Ethanol 24.30 

Table 2. 	 Percent reco.,ery of fatty acid from I g dried algae cell with 
various organic solvents 

Organic solvent % Recovery 

TFA GLA 

Ethanol 63 52 
Acetone 22 21 
Ethylacetate 15 18 

Hexane 1.0 10 

TFA and GLA from direct transmethylation of dried algae cell is 5.31 and 
1.35% dry weight respectively. 
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2. Comparison between dried and wet algae cell as substrate in the extractior 
of fatty acid 

The extraction of total fatty acid and GLA from wet algae (90% moisture) 
gave a higher yield than from the dried cell in every case of organic solvent 
used as shown in Table 3. Sixty two and fifty three percent, of TFA and GLA, 
respectively were extracted with ethanol from the sample of wet algae 
compared with 47 and 38% from the dried sample (Table 3). Acetone or hexane 
gave similar result but the petcent of recovery decreased in the following 
order. ethanol, acetone and hexane, respectively. It was observed that dried 
cell could not disperse well thus reducing the efficiency of extraction. 

Table 3. Comparison of dried arid wet algae cell using various organic 
sol 'ents for fatty acid extraction 

Organic Solvent % Recovery 

FTFA GLA 

Wet cell (90% moisture) 

Ethanol 1 53 
Acetone 56 16 
flexane 21 27 

Dried cell 

Ethanol 17 38 
Acetone 21 19 
Ilexane 110 

'01
 
TFA and GLA from direct transmethylation of dried cell is 5.31 and 1.35% dry 
weight respectively. 

3. Extraction of fatty acid with the mixture of organic solvent 

Since the fatty acid could be extracted easier from the wet cell than tie 
dried cell. Thu wet samples were used in the following experiments. In this 
experiment, the mixture of two organic solvents was used in the extraction. 
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Table 4 shows that ethanol and hexane in the ratio of 75:25 gave the best 
result with 81 and 68% recovery of TFA and GLA, respectively. 

Table 4. Effect of the mixture of organic solvent in extraction of fatty acid 

and GLA 

SOrganic Solvent % Recovery 

TFA GLA 

Ethano' 95% 73 60 

Ethanol 75% 64 49 
Ethanol 50% 46 38 
Ethanol 25% 33 28 

Ethanolilexane 

25:75 67 56 
50:50 77 65 

75:25 81 68 

Ethanol: Ethylacetate 

50:50 69 59 

Acetone 56 ,16 

Etharol:Acetone 
50:50 69 56 

TFA and GLA from direct transniethylation of dried algae cell is 5.31 and 
1.35% dry weight respectively. 

4. Effect of the amount of algae cell in the extraction of fatty acid 

The recovery of fatty acid depended on the amount of algae cell as 
shown in Table 5. It was observed that increasing amount of algae cell 
decreased in percentage recovery of total fatty acid and GI,A. The amount of 
algae cells which was suitable for the recovery of total fatty acid and GLA 
should not exceed 1.50 g/100 ml ethanol. 
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Table 5. 	 Effect. of the anount of algae cell in the extraction of fatty t,.cid 
using 100 ml of 95% ethanol 

Amount of algae cell % Recovery 

(g dried cell) TFA GLA 

1.00 83 69 
1,50 80 65 

1.70 78 63 

2.00 70 57 

5. Preliminary study on thermodynamic equilibrium diagrams 

Overall stage efficiency depends on the contact time between solid and 

liquid in each stage. To deLermine the number of actual stage it is necessary 
to know the 3 phase equilibrium among Spirtlina. fatty acid and organic 
solvent. The thermodynamic equilibrium diagrams on the extraction of fatty 
acid from Spirulina was studied. The extraction was carried out in the reactor 
at 40"C, 300 rpm using 95% ethanol (ratio of cell: ethanol l:9.,4 by weight). At 
different time interval, the concentration of TFA in solvent (overflow) and the 
residue were determined. Part of TFA in solvent bound to the cell surface was 
removed by rinsing with ethanol (underflow). Fig.1 shows tie TFA in overflow, 
underflow and cell residue at 1,2 and 3 hours of extraction. The extraction 
was compeleted in 3 hours and the extract contained 70% lipid. 21% protein 

and 5% sugar. 
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6 Cell residue
 

70" 


0- 50.
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S20
 

10,
 

0 1 2 3 

Time (hr) 

Fig. 1 Extraction of fatty acid using wet algae cell (84% moisture) in the 

1:9.4 by weight) in totalreactor at 300 rpm, 40'C (ratio cell: ethanol 


volumn 2200 ml
 

6. Effect of temperature on the extraction of fatty acids. 

In this experiment, fatty acid extraction was done at temperature aried 

from 40 to 60"C. Table 6 shows that increasing temperature up to 60"C has no 

effect on the yield of TFA and GLA. 
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Table 6. 	 Effect of temperature on the extraction of fatty acid using 95% 

ethanol as organic solvent 

Temperature Efficiency of extraction () I 

("C) (2 hours) I 

TFA GI,A 

60 87 77 

50 85 *76 

40 	 83 -- 77 

7. Purification of GLA 

After solvent extraction, GLA was purified. Three methods were compared 

namely, urea complexation. acetone precipitation and low temperature. The 

results demonstrated that palmitic acid (16:0) whcih i" the main component of 
total fatty acids could be removed by 67% by urea complexation. Thus the 

percentage of GLA increased from 25 to 75% (Table 7). About 50% of C16:0 was 

eliminated by chilling at 2-3"C. However, the method could not separate other 

unsaturated C18 (C18:1, 18:2) from C 18:3. After crystallisation. C 18:2 
increased from 12 to 25% while C18:3 increased from 22 to 32% (Table 8). 

Purification of fatty acid using acetone precipitation contained 2 

fractions of acetone - insoluble and acetone soluble fractions. Each fraction 
was further separated bv TLC on 20 x 20 cm glass plated coated with silica 

gel II. The solvent was chloroform, methanol, ammonium hydroxide and 

n-butylamine (130:70:10:1). The results were shown in Fig 2. 

The insoluble fraction was separated into 2 spots (A and B). However, 

4 spots were develop after spraying with a-naphthol. The soluble fraction 

contained totally 4 spost. (C, D. E and F). The lipid - containing bands (A to 
F) were scraped off and immediately treated with 5% IICL in methanol and 

transmethylated. Table 9 shows that band A contained the most C18:3 and the 

least C16:0. Though the C16:0 r,'mained in the soluble fraction, but C18:3 still 

retained in this fraction in appreciable amount. 
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Table 7. Comparison of fatty acid before and after urea complexatiou 

Sample 

16:0 

Fatty acid composition 

(% of total fatty acid) 

16:1 1 18:0 18.1-1 18:2 1 18:3 

Before urea complexation 18.5 3.7 1.5 4.0 17.2 25. 1 

Solution after 

complexation 

urea 16.2 - 2.3 75.4I 

Table 8. 	 Comparison of percentage of palmitic (C16:0) and gamma-linolenic acid 
(C18:3) before and after crystalisation at. low temperature of 3-4'C 

Fatty acid composition 
Sample 0 (% of total fatty acid) 

16:0 16:1 1 18:0 18.1 18:2 I 18:3 

Before urea complexation 47.2 7.1 1.4 6.0 12.2 21.6 

After crystallisation 23.6 8.7 1.3 8.6 24.6 31.9 
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p.k 0 0 l' 

I190 	 2.aj 

Fig 2. 	 Insoluble (1) and soluble-acetone (2) fractions from TLC on 20 x 20 cm 

glass plates coated with silica gel H 

{eluted with chloroform/methanol/ammonium hydroxide/n-butylamine 

(130:70:10:1)) 

Table 9. 	 Composition of fatty acid from the lipid-containing bands (A-F) after 

transmethylation. 

Fatty acid composition 

Fractions (% of total fatty acid) Kind of lipid 

16:0 16:1. 18:0 18.1 18:2 18:3 

A 6.1 - 4.7 5.6 74.3 74.3 MGDG
 

B 52.9 - - 6.7 3.2 3.2 PG
 

C 43.6 5.5 - 3.4 47.0 47.0
 

D 	 47.7 5.8 - 10.5 31.5 31.5 MGDG 

E,F 	 47.2 - 10.4 7.4 6.7 6.7 

MGDG - (Monogalactosyl diglycerol) 

PG - (Phosphoglycerol) 
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8. Conclusion 

Preliminary studies on the extraction and purification of polyunsaturated 
fatty acids particularly GLA from Spirulina platensis BP-i have been 
investigated in the laboratory scale. The results shown that ethanol was the 
most suitable organic solvent in the first step of GLA extraction. It gave not 
only a better yield but also the cost and safty reason when the commercial 
application is concerned. Presently, aqueous organic 2 phase is being tried to 
remove the contamination in particular the saturated fatty acid. 

Work on the extraction and purification is still at the preliminary stage. 
More studies are being conducted especially on the informations for 
engineering design for larger scale extraction. The recovery of organic 
solvent is included in the design to reduce the cost of extraction. Regarding 
the purity of the product, market survey is needed to determine the step of 
purification to suit the market need. 
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FATTY ACID COMPOSITION OF SPIRULINA STRAINS CROWN UNDER
 
VARIOUS ENVIRONMENTAL CONDITIONS
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Abstract-The fatty acid etstribvtion in 19 strains of Spirulina was studied. All but one contained y-linolenic acid(GLA). No GLA was found n S.susalsa, which had avery high content of palmitoleicacid. The falty acid content ofallbut one of the tested strains incrcrscd writh cultivation temperature and the reltive amount of polyunsaturated fattyacid decreased. The highest content of GLA was found at 30-15' for most strains. High light intensities at a hightemperature 138"). while not all'ccting the fattyacid composilion, had a drastic effecton the fattyacid content, reducing it
by as much as 46%. 

INIRODUCIION 

The cyanobacterium Spirulina iscultiv:.ted commercially
in several p!aces the world over, mainly as a health food.Th'.alga is protein rich and easily digestable, and itis 
much larger than unicellular algae, which Isimplilies
I rharvesting [1]. 

Spirulina was shown to contain the rare fatty acid, 
linolenicacid (GLA) 18:3 (6,9, 12), as early as 1968 [2-5].
This acid was shown to have many therapeutic properties.

It is ca 170-fold nore effective in lowering the plasma 

cholesterol level than linoleic acid [6], the major co-free dry weight)stituent ofmost polyunsaturated oils. In addition, tests on among freshwater strains of Spirulita was found in strain 
children have shown that GLA is of benelit in treating L2 (3.0,); LI had the highest content (5.6,).atopic eczema [7], whilin women itappe:rstoreducetheseverity [f]. It was also 

In fourteen strains, high levels of GLA were accomof premenstrual syndrome an
claimed to have a posiive effect panted by low levels of 18:2 and vice versa (strains 1928,in heart diseases, L, B3 dEth being, however, exceptions to this pattern).Parkinson's disease,and multiple sclro,;is.
Direct rovis-For example, in strain Mad the percentages of 18:2 andPainsons andGLAodi us multip to iroi 18:3 (with respect to total fatty acids) were .'.8% and 
iots of GLA could thus have an importa nt role in human 31.7%rsetvl,%,hlnutrition. nsri 34 h ecnaerespectively, shile in strait 2340 the percentages

Since GLA isquite rare and is not found in foods other of these fatty acids were 30.7,. and 8.0%1,,respectively. 
than human milk, other sources for this tally acid were Strains SB,Mad and Cat had the highest GLA contents,
sought.The oilofevening primrose was found to cctain while strains 2340 atsd 2342 had the lowest. The tested 
8-12 %GLA and ispresently its commercial source. Wolf strainsarranged in Table I in decreasing order ofGLAar 

etal.[9] showed that GLA exists in some other plants as cotntent. 
well, and recently it was reported that GLA ean beeltrand f reidus reore aurnt Astrain which was tentatively identified asS.subsalsa, aremcaItninge
extracted from the residues of blackurrant marine Spirulina, was the only one to deviate from therceatnng 
athis
maufactre rortand juie attyadcontent.[In this paper, e report on the fatty acid content and 

composition of various strains of Spis-tdiia wvhich can be
modified by temperature, light intensity and growth
phase. The possibility of selecting high GLA strains ofSpi ul
naiscur enly un erinvestigation,
Spirulina is currently under iwhile 

RFlSULTS AND DISCUSSION 

Fatty acid composition of Spirulina strains 

Nineteen strains of Spirulina were cultivated under 
thesame conditions. All the tested strains except 

S.subsalsa contained the same fatty acids (Table I).The 
predominant fattyacids were palmitic acid (16:0), GLA,linoleic (18:2) an,l oleicaid (18:1, as already
acid 


reported [4]. A great diversity was found in the distri
bution of fattyacids in the various Spirulina strains, which 
isgreater for the unsaturated acies. The proportion of16:0 was consistent, ranging between 44.6 and 54.1% of 
the otal acids. The percentage of C, acids variedfatty 


ttly acid. T p .0ec acid ved
108 15  

and 30.7 % and GLA between 8.0% and 31.7 
lowesatty adcoA boa fee d weight) 

above patterns of fatty acid composition and was signifi
cantly different from all other tested strains. It had a verylow fattly acid content and contained no GLA. However, it 
was very high in 16: 1.Wood [II) questioned the validityw as ifi n y:l.odthe va li dins
 
ofheclassiiation syste [f thecvariousSprulita strainsas Nichols and Wood (2] detected GLA in Spsiruslina 

Kenyon et al.[12] claimed the existence of two 
Spirulina strains, one containing a-linolenic acid [18:3
(9, 12, 15)] and the other devoid of both acids. Except for 
the lttter, other studies [3-5, 13] reported the occurrence 
of linolenic acid (in most cases the y-form) in Spirulina.Similarly, the fatty acid composition of S. subsalsa makes 
it doubtful that it is a genuine Spiruiina. 
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Table I. Fatty acid crntent" of Sr'ui;ina strainst 

Fatly acids 

Strain 16:0 16:1 18:0 18:1 18:2 GLA I1otal? GILA$ 

SB 4 4.o 4.4 0.5 6.4 17.1 27.0 5.2 1.4Mad 47.0 0.5 0.7 9.3 10.8 31.7 4.2 1.3Cat 47.6 2.5 1.0 8.0 15.3 25.6 5.1 1.3Art. B 46.1 1.0 1.6 10.9 13.6 26.8 4.7 1.31928 47.3 2.0 1.0 2.9 18.1 28.7 4.3 1.2LI 45.0 1.4 1.0 15.5 16.4 207 5.6 1.2AR 49.1 2.2 1.0 6.4 15.7 25.6 4.3 1.114 49.6 2.1 0.7 5.0 16.5 26.1 3.9 1.0D2 47.3 3.4 0.8 5.8 20.7 2(.7 3.8 1.0G 49.2 2.9 0.9 8.0 15.7 23.3 4.0 0.9PC 52.5 2.4 0.8 7.2 14.0 23.2 4.0 ).9B3 52.9 2.2 1.1 7.6 13.7 22.5 4.1 0.9Art. A 48.5 2.4 1.3 6.0 15.8 26.0 3.4 0.9Erh 54.1 2.6 2.O 7.7 13.5 21.3 4.1L2 50.7 1.1 0.8 7.3 
1.9 

14.3 25.8 3.0 0.8Miner 46.8 1.2 1.5 12.0 18.4 20.1 3.6 ;.72342 47.5 1.6 0.5 9.3 21.8 19.3 3.8 0.72340 49.3 2.2 1.2 8.6 30.7 8.6 3.2 0.3Subsalsa 49.2 35.0 1.7 1.0 13.1 - 1.6 

*WI Percent o1 total latty acids.
 
fCultures were grown at 35".

1Weight as percentage of biomass (ash-free dry wt-AFDW,
 

Effect of temperature 
lemp:-rature, reaching a maximum for most strains at 30'

The fatty acid contnl increases with increasing tern-Thecntetatt acdicreaes ithinceasng or 35', the optimum temperature for growth of mostcm-sltrains bcing 35". This is of itmportance for GLA produc
perature in many algal species [ 14], and the composition
generally changes so 

ion from Spiruina as highcr GLA producion rates canthat the proportion of polyunsatu-
rated fatty acids (PUFA) decreases. The latter ph-,om
cnon has been explained by the role of PUFA inincreasing membrane fluidiy at low temperatures [15].
Another explanation is Ihat at lower temperalures moreoxygen is dissolved in water and thus more is available for
the ,xygen-dependcni desalumase enzymes [16]. Theeffects of temperature on the fatty acids of Spirtlina werestudied in eight strains. Several examples are presented in
Table 2. Strains Art. B, G and 2340 were studied as Ihey
are used in commercial Spirulita cultivalion at variousproducin siles. S. minor was chosen because of the
exceptiona response of its fatty acids to temperature,

The fatty acid cotilent of the tested strains increased
with increasing cultivalion temperature, reaching the
highest value for most strains at 30-35' and decreasing athigher temperatures. In only one strain (Minor), themaximum content was reached at at lower temperature
(25'), and no Spirulina strain of Ihose tested exhibited afally acid maximum at a temperature higher than 35'.Strains SB, Mad, Cat, and 2342 displayed similar patterns
to that of strain Art. B (daa not shown). 

The fatty acids were less desaturated at higher tempera.lures; two patterns were observed. In the lirst, the
percenlage ofGLA decreased while those of 18:2 or 18:1increased. In ,he other pattern, an increase of 16:0 at the 
expense of 16:1 was observed. As a result, in most of thetested strains the percentage of GLA decreased only
slightly with increasing temperature (up to 30-35') while
the tolal fatty acid content increased significantly. Theneresult was an increase in GLA content with increasing 

becovisaged at this temperature. 

Effect of light intensity 

Theeffects ofthrec different light intensitics on the falty
acid compositions oftwo strainsofSpirulinacullivated at32, 35 and 38" were studied (Table 3). The distribution offatty acids did not change much with light intensily (data
not shown), the fattyacid content nevertheless being lig,,
dependent. The content of fatly acids :it 30 0 

pE/m 2/secwas much lower than at 150 pE/m 2/sec. This light elrect 
was most pronounced a' 38". A 28--29 % decrease in fatly
acid conlent was recorded at 32' and a 22% decrease at
35' . Comparing strains minor and G al these light
intensities at 38" showed 46%, and 71Y decreases,
respectively. A slight increase in the percentage of GLA was noted at the high light intensity. However, due to the
decreased fatty acid content, the overall erect was areduction in GLA conlent which was most stronglydemonstraled at 38'. Decreasing the light intensity to
75 IE/m'/sdid not cause a furtherchange in the fatty acid 
content. 

Theeffect oflight intensilyon [he fatlyacid content and 
on the degree of failty acid unsaturation in algae cannot begeneralized, and conflicting data have been reported for
difrerenl species. Porphyridium cruentum grown at
and 8000 lux had fatty acid contents of ca 9 % and 4 %,respectively [17]. A similar elrect was observed in
Anacystis nidulans [18], where the fatty acid contentdoubled at low light inlensity and the degree of unsatur

1700 
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Table 2. Fatty acid content of Spirulina strains grown at various temperatures 

Fatty acid 

Growth Composition" Conlentt 
Temperature 

Strain 	 (o) 16:0 16:1 18:1 18:2 GLA FA GLA
 

Art. 	 25 0.8
B 41.2 7.1 3.6 17.6 28.2 2.7 

30 44.5 5.1 7.2 14.5 29.7 3.4 1.0
 
35 46.1 1.0 10.9 13.6 26.8 4.7 1.3 
38 53.7 2.0 8.2 13.2 21.3 3.9 0.8 

G 	 20 39.5 9.6 1.8 16.4 32.1"2.7 0.9 
25 40.6 8.6 2.2 16.0 31.7 3.2 1.0 
30 44.6 3.1 5.1 17.9 29.0 4.0 1.1 
35 49.2 2.9 a.Z 15.7 23.3. 4.0 0.9 
38 47.8 0.2 9.3 17.0 25.0 3.3 0.8 

Minor 	 25 43.2 6.9 4.8 20.5 222 4.8 1.1 
30 46,2 4.6 9.0 15.0 24,5 3.3 0.8 
35 46.8 1.2 12.0 18.4 20.1 3.6 0.7 
38 47.7 1.1 9.9 22.4 18.2 3.2 0.6
 

2340 	 25 43.5 7.9 4.3 21.4 22.9 2.4 0.6 
30 44.4 5.5 4.2 28.6 16.9 4.2 0.7 
35 49.3 2.2 8 6 307 8.0 3.2 0.3 
38 50.0 2.0 1.1 32.3 6.0 3,3 0.2 

Percentage of total acids.
fatty 

i Percentage of AFDW. 

Table 3. The effect of light intensity on fatty acid content in Spirulina 

Fatty acid content* 
Light intensity 

uE/m/s 32' 35' 38* 
Strain FAt 18:3 FA 18:3 FA 18:3 

G 75 3.26 1.02 - - 3.28 0.86 
150 3.43 0.90 3.82 0.95 3.29 0.79 
300 2.450.702.99 0.90 0.95 0.26 

Minor 75 3.50 0.94 - - 3.32 0.51 
150 3.27 0.80 3.63 0.73 3.27 0.60 
300 2.36 0.65 2.890.70 1.78 0.28 

Percentage of AFDW. 
t Fa, Fatty acids. 

ation increased. In Chlorella minutissina [19], low light The data presented here suggests that Spirulina could 
intensity had the opposite effect, both on fatty acid be utilized as a source for the valuable fatty acid GLA. 
content (15% reduction) and on percent PUFA (10% Since the maximal GLA content was found at the optimal 
reduction). Similar results were reported for Nitzschia growth temperature,a relatively high GLA -.-oduction 
closterium [20]. rate may be expected. Also, in many strains GLA is a 
The reasons for the inhibitory effect of high lightmajorfattyacidcomprisingmorethan25 oftotalfatty 

intensities acid content described hcreis are as yet acids.The introduction ofGLA necessitateonfatty as adrug will 

unknown. itspurification, be lower,the hig~ter
the costs of which will 

the initial GLA concentration i.the fattyacid noiture.
 

Growth Phase 

Many algalspecies are known to accumulate lipids EXPERIMENTAL 

during the stationary phase [21], but no such effecthas Ortanisms. collection strainsA culture of Spirulina was 
ever been found incyanobacteria. Strain Mad cultures establishedthe Biotechnology Laboratory of theDesertin Algal 

were sampled atthe mid-exponential phase and atthe Research Institute No.1928, 2340 and
 atScde-Boqr.Strains 
stationary phase (Table 4).The total acid content collectionfatty 2342 were obtained from theUTEX culture (Austin,
 
was reduced inthe stationary phase and the relative Art A from Carolina Supplies
Texas, USA), strain Biological 

amount of PUFA was also decreased. The conlent of (Burlington, USA),straint
North Carolina, G from Prof.C. 
GLA was reduced by ca 50%. Socder (F.R.G.) isolated(originally from Lake Chad)and strains
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Table 4. Distribution and content of Spirulina IS. mad) Iatty acids in different growth 
phases*
 

Growth phase 16:01 16:It 18:0t 

Expon.-nlia! 48 9 2.3 0.8 
Stationary 32.( 2.7 2.1 

*At 35". 
t Percentag, ot tow; fatty acids. 
I Percentage of AtI W. 

Mad and Cat from Dr. Venkalaraman (India). Strains PC,B, B1 
and 0,were isolated by the authors from a flood-irrigated fieldin 
Thailand. Strains SII, 1.,L, Art. Band AR were also isolated by 
the authors frontwater reservoirs in Israel. Strain Eth was 
isolated from a lake in Ethiopia, and S.suhsalsa was obtained 
from Dr. E.Tel-Or (llcbrcw University of Jerusalem). Stock 
cultures were held in flasks under constant illumination with 
frequent dilutions. Isolation procedures and inocula prcpn were 
performed according to ref [22]. 
Culture
conditions. Cultures (500 ml)wee grown on Zarrouk's 

medium [23] in flat-bottomed 11flasks -'Iced in a transparent
water bath illuminated from below with four cool-whitc fl-,nr-
escenl lamps providing 150i at the surface of the badl,pEra '/sec 
unless otherwise stated. Mixing was achieved with an air-CO2 
mixture (99:1) bubbled through a sintercd glass tube placed in 
ihe bottom of tIheculture flask. The temp was maintained 
constant within ± I°.The marine strainS. .subsalsawas cultivated 
similarly in Abeliovich's medium [24]. Cultures (mid log phase 
unless otherwise stated) were harvested by filtration. 

Cultures were grown exponentially (with proper diln) under 
the experimental .onditions for at least six days (depending on 
the individual cvture's growth rate). Although cultures used were 
notbacteria free, they were cultivated on sterile medium (bac-
terial exceeding 100colonics/mi). Ash and chlorophyllcounts not 
content were determined according to ref. [22]. 

Lipidextraction and trm'smethylation.Freeze-dried samples of 
Spirulina (100mg)lwerctreated with2mlofrIeOlI-AcCI (19;1) 
according to rcf. [25]. 17:0 in was(its absence the som-nple 
previously chcckedi vas standard ar I the mixtadded as an int. 
scaledinasialunderanAratmosphereandheated°o80forlhr. 
The vial was then cooled, its contents dil. with I ml 1120 and the 
mixt. extd with I ml hexane. The hexane layer was dried 
(NaS04 ),evapd to dryness and redissolved in hexane. 

Fatty acid analysis. GC analysis was performed on a SP-2330 
fused silica capillary column (30re, 0.2 mm) at 200' (;:[D, 
injector and FID detector temps 230', split ratio 1:100). Fatty 
acid Me estecs were identified by cochromatography with 
authentic standards (Sigma Co.) and by GC/NIS using a 
Carbowax capillary column (30 m).CI spectra were obtained at 
250 eV with isobutane as reactant gas. Fatty acid contents were 
determined by comparing their integrated peak areas with that of 
the int.standard. The data shown are mean values ofat leasttwo 
independent samples, each analysed in duplicate. 

Fatty acids 

18:lI 18:2t GLAt Total? GLA: 

7.3 12.1 30.5 4.3 1.3 
12.3 11.1 18.6 3.1 0.6 
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ABSTRACT 

The herbicide Norfiurazone was shown to be an Inhibiter of 

fatty acid of the A6 desaturation system. Treating cultures of the 

microalgae Splrullna platensls ,rMonodus subterraneus with this 

herbicide brought about areduction in the level of -- linolenic acid 

and inan Increase In the level of linolelc acid. InMonodus, the 

Increase Intinolelc acid made It more available for .,3desatura-

tion, resulting Inan Increase in the proportion o; elcosapentaenolc 

acid. The proportion of arachidonic acid did not decrease albeit 

the drastic decrease InIts precursor "y-iinolenicacid.
 

Tle interest in fatty acids of the w6 family derives from the 
fact that they are precursors for prostaglandins, thromaox-
anes. and leukotrienes (5). GLA2 (18: 3tw6) was also shown to 
alleviate the symptoms of the premenstrual syndrome (6). 
Various plant species con 'in high levels of fatty acids of this 
group. Thus. GLA is fou!,J in eveling primrose (14), blackcurrant (3), and in a few cyanobacteria, e.g. Spirulina(8). 

AA (20:4w6) is found as a major fatty acid component in a 
few algal species, e.g. Porphyiridium and Ochronionas (9). Our 
interest in polyunsaturated fatty acids production by microal
gae prompted us to search for potential fatty acid desaturase 
inhibitors. 

Several substituted pyridazinones were shown to be potent 
herbicides (4). They were grouped by St. John el al. (12) 
according to their structural characteristics and activities in 
inhibiting growth, Hill reaction, chloroplast ribosome forma-
tion, ,nd the fbrmation oflinolcnic acid (18:33) via inhibi-
lion of the a 15 desaturation of linolenic acid (18:2w6). Som, 
of these herbi..des were also shown !o inhibit carotene bio-
synthesis and Chi accumulation (3). The pyridazinone San 
9785 is the most effectile inhibitor of A15 desaturation and 
its effect on reduction of 18:3w3 levels in the glycolipids of 
higher plants and algae was widely studied (7). The pyridazi-
none Norflurazone was shown to be the most effective inhib-

Supported in part by a grant from the U.S. Agency for Interna-
tional Development (DPE-5544-G-SS-7012-00 and DPE-554.f-G-SS-
8017-00). 

IAbbreviations: GLA, -- linolcnic acid: x:y, fhtty acyl group con-
taining x carbons with ydouble bonds; AA, arachidonic acid. 
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itor of carotenoid biosynthesis and Chi accumulation. Its 
inhibitory activity on A15 desaturation is low, relative to 
other members of its group (12). 

In this work, we suggest that Norflurazone iscapable of yet 
another mode of action, namely, the inhibition of A6 desat
uration. To the best ofour knowledge, this effect has not yet
been reported. The rarity of GLA and AA, which are the 
eventual products of the A6 dcesaturation in algae, could be 
the reason for ov-rlooking this effect. 

MATERIALS AND METHODS 

Algal strains were obtained from the University of Texas 
culture collection. Spiri/ina rlatensisstrain 2340 was grown 
on Zarrouk's medium at 30'C as previously described (I). 
Afonothis siibterraneus was cultivated on BG-I I medium at 
25C. A solution of Norfiurazone in DMSO was added to 
exponentially growing cultures. The final concentration of 
DMSO did not exceed 1%. The biomass was harvested after
4 d, freeze dried, and transmethylated with methanol-acetylchloride and the fatty acid composition was analyzed by gas 

chromatography (10). The data shown are mean values of at 
least two independent samples, analyzed in duplicate. 

RESULTS AND DISCUSSION 
Norflurazone reduced markedly the growth of Spir/ina 

platensis and Alonodus subterraneus and had a notable inhib
itory effect on pigment accumulation (data not shown) and 
total fatty acid content. In the presence of 15 pitt Norflurazone 
in S. platensis cultures, the total Fatty acid content was reduced 
from 3.5% (of dry weight) to 1.6%. Furthermore, the profile 
of the fatty acids changed markedly, resulting in a decrease of 
18:3w6 from 21.7% (percent of total fatty acids) to 12.7% 
(Table I) and in an increase of 18:2,,o6 from 23.0% to 25.7%. 
The levels of 18:0 and 118:h9 too increased from 1.6% to 
4.7% and 0.80% to 2.5%, respectively. The reduction in 
18:3w6 was even more evident at higher herbicide concentra
tions Table I). The 18:2/18:3 ratio rose from 1.06 to 3.05 in 

the presence of 150 pt Norflurazone. A possible explanation 
for the decrease in 18:3w6 and the accumulation of its pre
cursors may be that Norflurazone inhibits the A6 desaturation 
of 18 :2w6. Howevr.r. since Ncrflnirazone was shown to have 
some inhibitory ac.livity on w3 desaturation (12), its specificity 
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for the A6 desaturase enzyme was further studied on the 
microalga A. subterraneius.In this alga, lurther desaturnition 
of 18: 2 w 6 is conducted either by the .A6 desaturase or AI 
(w3) desaturasc enzyme systems resulting in 18 :3wi6 or 18:3w3, 
respecti, .ly, ultimately leading to 20:4w6 and 20:503 (Fig. I).
Al. stebu'rranieus cultures were treated with concentraticns of 
the herbicide ranging from 3 to 150 usi (Table II). At 3 pM, 
the level of I 8:3w6 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 
of20:5w3 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, 20:503 reached levels as high as 39.7%. 

The inhibition of A6-desaturation, which is manifested in 
the increase of 18: 2 w 6 and the decrease of 18:3w6, is quite 
evident. Ilowever, one would expect the level of 20:4w 6, 
which is the ultimate product ofthe w6 pathway, to be reduced 
as well. Yet, its level slightly increased. Thisdiscrcpancy needs 
further clarification. Phospholipids are important membrane 
constituents and are necessary for its integrity. It may be 
suggested th'it 20:4w,6 lulfills an important role in this respect 
which may be crucial for the survival ofthe organism. Indeed, 
in Al. subterraneu's as well as in Ochromonas danica 20:4W6 

Table I. Effect of Norflurazone on the Fatty Acid Composition inSpiruina 

Cultures of Spirulina (strain 2340) were cultivated at 30"C aspreviously 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-acntyl chloride and the fatty acid 
composition was analyzed by GC (12). The data shown are meantvalue of at lea t.wo independent samples, analyzed induplicate. 

Fatty AdComposition 

Fatly Acid Nodfluorazone concentration (pm) 

0 3 15 150 
% 

14:0 0.9 1.7 1.4 2.1 
16:0 44.8 41.6 45.3 45.5 
16:i 6.6 7.6 5.1 3.4 
16:3,.4 0.4 0.5 0.2 0.4 
16:4w1 0.3 0.2 0.2 0.2 
18:0 0.7 1.8 2.2 2.5 
1:1W9 1.6 1.9 2.4 6.3 
18:2w6 22.9 24.1 25.7 26.8 
18:3w,6 21.7 16.3 12.7 8.8 
TFA' 3.5 1.2 1.6 1.7 

Total fatty acid,% of dry weight. 

It ,,3 -223. -- 04.3 - 05.J 

6ea 1ie-a It i. Id (2 -A - IS113.A,-a t62OUAphospholipids 

-guro 1. Scheme of major pathways of fatty acid biosynthesis inM. 
;ubterraf.aus. 
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Table 11.Effect of Norflurprone on the Fatty Acid Composition in M. 
subterraneus 

M.subterraneus cells were grown on BG-1 1medium at 25"C. For 
inhibitor introduction and fatty acid analysis, see legend of Table I. 

Fatty Acid Compositmn 
Faily acid NoIlurazone concentration (t#M) 

0(0 82) 3(0.17) 150(0) 
% 

14:0 2.1 1.8 2.3 
16:0 24.4 20.0 19.8 
16:1w7 21.6 19.0 17.2 
16:1tw13 0.5 0.6 0.9 
16:2w6 0.4 0.5 0.4 
16:3A 0.3 0.5 0.616:3wl 0.2 0.2 0.3 
18:0 0.8 1.4 1.' 
18:1w9 7.0 6.8 6.1 
18:1w7 0.7 0.8 1.3 
18:2,,,6 2.0 2.9 2.7

618:3w 1.5 0.2 0.1 
18:3w318:4 0.4 0.40.3 0.40.4 0.5 
20:0 0.2 0.1 0.1 
20:2,w6 t 0.1 0.1 
20:3w6 0.6 0.2 0.1 
20:4w6 5.6 6.4 6.420:5w3 31.4 ,j5.4 39.7TFA 11.4 6.5 5.8 

*Value in parentheses Is specific growth rate (d-). bTrace 
amount. cTotal fatty acid, %of dry weight. 

is localized in phospholipids mainly in phosphatidyl etha

nolamine while in P. critentton it is mainly found in phos
phatidyl choline (9). Furthermore, Coheni el at (1) haverecently shown that in P.. crtenfton, when growth rate was 
slowed down the level of20:4w6 increased significantly. Thus, 
in Al. subterraneus, when the avai!ability of its precursor 
18:3w6 is [mited due to the inhibition ofA6-desaturation and 
at the same time the total fatty acid cont,!nt is reduced there 
is still a demand for 20:4w6 production. This dcmand may
be answered by an increase in the fatty acid :nflux 16:0 toward 
18:2w6. As a result, the level of 20:4w46 is maintained or even 
slightly increased. Moreover, if Norflurazone inhibits the .6 
desaturation of 18:2w6, then more of it will be available for 
.15 desaturation, resulting in an increased production of 
18:303 that is subsequently converted to 20:5w3, which is 
indeed the case (Table I1). The increased level of 20:503 does 
not necessitate an increase in the steady-state level of 18:3w3. 
Its level is low even under normal conditions when the level
of 20:53 is already high. This may suggest a rapid turnover 
of :8:303. 

It was shown that there are two sites for w3 desaturation of 

I8:2w6, one which affects galactolipids while the other affects(11). 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 galactolipidsand isinhiL-ited by Norflurazone. 
The noninhibited A6 desaturation pathway may be responsi



A6 DESATURASE INHIBITION 349 

blc for the fact that the level of 20:4.6 in Alnoduis was kept ihridhi,, cru'unon: correlation to growth rate. J Phycol 24: 
unchanged. In cyanobacteria, there is only one mechanism 328-332 

2. Cohen 7, Vonshak A, Richmond A (1987) Falty acid compositionfor w3 desaturation of 18:2w,6 and it involves galactolipids. of Spirithiua strains grosin under ,arious cnsimonmental con-
Indeed, in Norflurazone treated Spiruinacultures, the level ditions. P'h)tocltemistr, 16: 2255-2258 
of 18: 3w6 

is decreased as there is no way to overcome this 3. Eder FZ(0979Y)'yridazinones. their inlluenceoo the biosynthesis 
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Abstract---The fatty acid composition of several Spirrdina.like cyanobactcria strains was investigated. While, on the
basis of morphology alone, these strains could not be distinguished from Spirulina, Iheir fatly acid composition
demonstraled t different pallern having large amounts of 18:3 (9, 12, 15), 16:1 or 16:2, but small qnantitites or
y'-linolenic acid. On the basis of these lindings, it is suggested that fatty acid composition might be utilized for the 
classification of Spiruina strains. 

INIROI)IJUI ION 
The cyatobacletium Spirditt is one of tie few com-
irercially cultivated uticroalgae used prinmarily as a health 

food. Spirulitr is also one of he few organisms known to 
have a high content of y-linolenic acid [G LA. 18:3 (6,9, 
12)] [I 4]. This fatty acid is known to be of value in tie 
treatmert of various diseases [5 9]. 

Although a few commercial sites for prodiction of 
Sltirlitna are operated, very little is known aboul the 
strains used for commercial production. Iecause the 
classilicalion systen used for Spirrdina is essentially mor-
phological and maiily based on its spiral shape, it is 
diltictll to distinguish between any strains used. The 
morphology of tie filaments is highly dependent on 
growth conditions and environmental factors [10] and 
under certain conditions the filaments may even lose 
their spiral shape [I I]. Fatty acid distribution is one of 
the tools available for taxonomic classilication of micro-
algae but its use is generally limited to the level of c;asses 
and orders but not for a genus. Kenyon et ti. used fatty
acid composition asit criterion fordividing cyinobacteria 
rot,, -,'eral stbgroups [12] and claimed the exisfeIce of 
two strains of Spirulina. one containing a-linolenic acid 
[18:3(9, 12, 15). ALA] and no GLA, the other oine being
devoid of both fatly acids. Based on these data, the 
validity of the commonly used classification systei has 
already been questioned by Wood [13]. 

In aprevious study, svehave shown [14] that 18strains 
ofSpirulit obtaited from culture collections, ot isolated 
from their natural habitat, had the same fatty acid 
compositioa, the major fatty acids being 16:0, 16: 1, 18:0, 
18: , 18: 2 and GILA. The proprtlion of GLA is quite 
high. generally ranging in -6 of total fatty acids between 
19.3 and .11.7% at 35'. Only one strain (23401 had a 
significantly lower proportion (89'.) which increased how-
ever to 23,. at lower temperature (25'). All of these 
strains were cultivated on the standard alkaline Spiruiina 

*Author to shoit corresposdetcc should be addesFse. 
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medium (Zarrouk's medium, pi19.8). These findings were 
in agreement with those described in most other reports
[I. 15-17]. The great commercial interest iit Spirutina and 
the need for applying modern techniques of strain sclec
tion makes it important to set standards for classification 
olher than Ihose based on morphology. In this paper, we 
provide evidence suggesting that the fatty acid composi
lion of Sprlira may be used as a basis for character
izalion. 

RFSUILTS AND DtISCUSSION 

We studied the fatty acid composition of six strains, 
originally characterized as Spirulina, based on their mor
phological appearance and pigment composition, yet
which did not grow on alkaline medium. These strains 
",ere spiral shaped, filamentous with no heterocystous
cells, similar to the Spirulinr strains previously studied. 
Four strains (Th II, Th 21, Th 30, Sh) displayed similar 
characteristics in their fatty acid composition (Table I).
Although no GLA was found in these strains they
contained high proportions of ALA. Also, the proportion
of palmitoleic acid 16:1 was unusually high compared 
with GLA containing Spirulinastrains ranging from 13.8 
to 32.3%. The amount of 16:1 in alkaline strains was in 
the range 0.5-4.4% (% total fatty acids).

Strain LB 2179 had a higher proportion of ALA 
(35.3%) and contained a significant proportion of an
other fatty acid (16:2) found only in trace amounts in 
alkaline strains. Only one freshwater strain (N 27), con
tained GLA (2.6%). Ilowevcr, this strain is unique in its 
high 16:1 and 16:2 contents, 18.6 and 19.2%, respect
ively. 

In a previous study we found [14] another strain,
S. suhsalsa,which did not grow on the alkaline medium 
but could be cultivated on an artificial sea water medium. 
Its fatty acid composition was significantly different. No 
trace oi GLA was found and th,- proportion of 16:1 was 
35.0% as compared with 0.5-4.4% in the other strains. 

It appears that several cyanobacteria, although mor
phologically indistinguishable from Spirulina, display 
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Table I. Fatty acid composition of Spirulina-like strains 

Fatly acid composition* 

Strain Medium 14:0 16:0 16:1 16;2 16:3 18:0 18:1 18:2 ALA GLA 

Th II 11(11 1.4 41.2 13.8 1.7 2.6 8.9 18.1 12.3 --
Th 21 FIGI I 1.8 40.6 21.2 0.3 1.0 3.1 13.2 18.8 -
Th 30 13GII 2.5 40.4 22.3 - 0.5 1.0 3.4 13.7 16.2 --
Sh [IGII 0.6 33.1 16.8 0.2 1.2 1.4 5.8 18.7 20.5 -
LB 2179 13GII 2.2 31.2 7.6 9.5 0.8 1.7 4.9 6.9 35.3 -
N 27 IC, 11 2.9 47.0 18.6 19.2 2.3 0.6 1.8 5.0 - 2,6 

*Wt per cent of total fatty acids.
 
ALA a
2-Iinolcnic acid.
 
GLA =y-Iinolenic acid.
 

patterns of fatly acid distribution which are dtltcrent from 
Spirulina both qualitatively and quantitatively. These 
dissimilarities appear to be significant enough as to 
exclude from classification in tile genus Spirulina. This 
argument is further strengthened by tite finding that these 
strains will generally not grow in the typical alkaline 
Spirulinto medium. One may argue that the differences in 

capillary column (30 m).CI spectra were obtained at 250 eV with 
isobulane as reactant gas. Fatty acid contents were determined 
by comparing their peak areas after integration with that of the 
int.
standard. Data shown represent mean values (with a range of 
less than 3% for major peaks and 8% for minor peaks) ofat least 
two independent samples, each analysed in duplicate. 

fatty acid compositions are just manifestations of the Acknowledgements -The authors wish to express their gratitude 
different cultivation conditions resulting from the differ-
ences of pilland salinity between the various media, 
However, the fact that the freshwater strain N 27 contains 
GLA and not ALA suggests otherwise. Moreover, the 
differences between the enzymatic systems necessary to 
generate GLA and ALA are considerable and only rarely 
can both GLA and ALA be found in thesame organism. 
These results suggest thatcyanobacteria unable to grow 
in an alkaline medium are probably unrelated to 
Spirulina. We propose thatin addition to lhealready 
existing morphological criteria for Spirulitt, [lte fatty 
acid composition should be used as an additional criter-
ion for 'ie characlerization of the genus. Authentic 
.spirulinastrains display a significant proportion of GLA, 
contain 1o ALA, and probably also contain no more than 
a low content of 16: 1 (<10%) and a very low content of 
16:2 (<O.1%). 

EXPERIME.NTAL. 

Organism.s. Cyanobactcrial strains Th-I I, Th-21 aw1 1h-30 
were isolated from standing water during the dry season in 
northeast Thailand, Strain Sh was isolated from fish ponds in the 
north of Israel by Prof. M. Shilo and cow,,rkers (licbrew 
University, Jerusalem, Israc:). Strains LI 2179 was obtained 
from the tUniversity of Texas Culture Collection and strain N 27 
from the Microbial Culture, The National Institute for Environ-
mental Studies. Japan. These strains were grown on 1G-11 
medium. Algal cultures were unialgal. Fiacterial counts did not 
exceed 50 viable counts of bacteria per ml, as measured by 
plating sampies of the culturcs on nutrient agar containing 
Spirulina medium. 

to Ms Shoshana Didi and Ms Rachel Guy for dedicated 
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most helpful discussion. This work was supported in part by a 
grant from the U.S. Agency for International Development 
(DPE-5544.G.SS-7012.00 and DPE.5544-G-SS-8017-00). Con
tribution Nc. 45 from the Laboratory for Micro-Algal Bio
technology, Jacob Bilaustein Institute for Desert Research. 
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ABSTRACT 
 ence of proline dnalogs (12). Similar results were obtained in 
The pharmaceutical Interest and limited availabilityof -f-lino- the cyanobacterium Nostoc (9) and the alga Nannochloris

lenic
acid (GLA)and elcosapentaenolc acid (EPA) prompted ttie
search for genetic means for Increasing the production of these 
fatty acids from algal sources. Cell lines of Splrullna platensls
and Porphyrldlum cuentum resistant to the growth Inhibition of
the herbicide Sandoz 9785 were selected by serial transfers of 
the culture In the presence of Increasing concentrations of the
herbicide. The resistant cell lines of S.plafensis overproduced
GLA and those of P. cruentum overproduced EPA and were stable 
for at least 50 generations In the 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 Porph "ridium 
criwntuen and the cyanobacterium Spirtoina platensis are 
among the best producers of EPA and GLA, respectively.
Strain selection and manipulation of physiological and envi-

ronmental conditions brought about an increased content of

these polyunsaturated fatty acids (I, 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 die use of inhibitors of specific steps in 

biosynthetic pathways or analogs of specific products. Gen-

erally, such inhibitors and analogs inhibit growth well.
as 

Thus, resistance to the inhibitor could be achieved by over-

production of the inhibited metabolites. It was indeed shown 
inhigher plants that some lines
selected for resistance to the
growth inhibition are overproducers of the metabolite in 
question (8, 10, 15). M'iants of Spirilinn showing elevated 
production of proline were obtained by selection in the pres-

Supported in part by grants from theU.S. Agency for Intrrna-
tional
Development (DPE-5544-G-7012 and DPE-5544-G-SS8.8t7-
00).Contribution No. 57 from the Laboratory for Microalgal fio-
technology. Jacob Blaustein Institute forDescrt Research.2'Abbresiations: EPA, cicosapcntaenoic acid. 0:5;3 GI-A. 
18:,6,y-linolcnic acid; SAN 9785. IIASF 13-338. 4-chloro-
5(dimethylamino)-2.phenyl.3(21i) pyridaiinone; SRS-1-3, SAN.
resistant lines of Spiridin',; SRP.6-7, SAN-rcsistant lines of
P,.rnhyridi,,. 
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bacilaris (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 desaturation (II),
and its effect on reduction of 18: 3 3 levels in the glycolipids
of higher plants and algae was widely studied. Recently, we 
(1)found this herbicide to be an effective inhibitor also for 
A6 desaturation of linoleic acid in Spiru/ina. 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 
P. cruentum and S. platensis cell lines that display stable 
resistance to the growth inhibition of SAN 9785. These cell 
lines over produced !PA and GLA, respectively. To the best 
3f our knowledge, this is the first report of a fatty acid 
overproduction in either higher or lower plants induced by
perturbation of fatty acid metabolism. 

MATERIALS AND METHODS 

Organisms and Culture Conditions 
Spirtdina p/atensis strain 2340 was obtained from the Uni

versity of Texas Culture Collection and was cultivated on
 
Zarrouk's medium at 30"C as previously described (5). Por
plirridiu cruentium strain 1380 Id was obtained from the
 
Goettingen Algal Culture Collection (Goettingen, Germany).
Cultuies 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 andturbidity. Solutions of the herbicides in DMSO were added 
to exponentially growing cultures. The final concentration cf 
DMSO did not exceed I%. Cultures of S. platensis were 
cultivated in the presence of0.2 m, SAN 9785, which inhibited growth by about 80%. After several weeks of growth in
the presence of the inhibitor (with occasional dilution with
resh medium containing the required concer'ration of the 

herbicide), the growth rate gradually increased, approaching
that of the control cell. 'he concentration of tieinhibitor 
was increased to 0.4 r. and the culture was cultivated asabove for several months. P crenittn cultures were similarly
treated with an initial inhibitor concentration of 0.08 mxt, 
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Figure 1. Effect of 0.4 mm SAN 9785 on the growth rate (expressed 
as the increase in Chi concentration relative to day 0) of S. platensis 
and P. cruentum (0, control; 0, freshly exposed to the inhibitot; 0, 
Inhibitor resistant culture). 
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which was gradually increased over a 9-month period, finally 

reaching 0.4 mM. 

Selection of Resistant Lines 

S. platensis culture resistant to 0.4 msi 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 several weeks. The 
test tubes in which growth occurred were rescued. Cell lines 
of P. cruentum resistant to 0.4 ni of the herbicide were 
obtained by screening of the resistant suspension on agar plate 
containing 0.4 mist of the inhibitor. 

Fatty Acid Analysis 

Freeze-dried samples of biomass were transmethylated with 
McOH-acetyl chloride as previously described (2). Heptade

canoic acid was added as an internal standard. Gas ciromat
ographic analysis was performed on a Supelcowax 10 fused 
silica capillary column (30 in x 0.32 mm) at 200'C (injector 
and flame ionization detector temperatures 230"C, split ratio 
1:100) and integrated with an IP 3396A intcgrator. Fatty 
acid methyl esters were identified by cochromatography with 
authentic standards (Sigma) and by GC-MS. Fatty acid con

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 thestc herbicides emanates to a certain extent from 

their effect on fatty acid desaturation, particularly the trans
formation of linoleic acid. Linolcic acid is further desaturated 
in S. platensis to GLA and in P. cruentium to a-linolenicacid, 
which is in 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.platensis and 

. crtentium, respectively. Clones cf these algae that are re-

Table I. FattyAcid Composition of S. platensis Cell Lines Resistant to SAN 9785 
The values presented are means ± so (n= 

Culture 16:0 16:1 

WTh 42.11 ± 0.82 5.66 ± 0.91 
WTI 42.10 ± 0.93 6.29 ± 0.16 
SRS-11 43.34 ± 1.29 4.44 ± 1.89 
SRS-3 42.80 11.34 5.16 ± 0.22 
SRS-Ifi 40.69 ± 1.67 4.95 ± 0.39 

4). A t test was used to determine significantly different values of18:3 and TFA at P < 0.025. 
Fatty AcidComposition 
180 1 :1 

%of total fatty acids 
0.90 ± 0.05 2.06 ± 0.45 
0.85 ± 0.08 2.77 ± 0.10 
0.70 ± 0.07 2.39 ± 0.87 
0.84 ± 0.34 2.66 ± 1.11 
0.67 ± 0.04 2.58 ± 0.42 

Fatty Acid Content 
18:2 18:3 

68061. 11FA 1.3 

25.52 ± 0.46 21.57 ± 0.47 
25.91 ± 0.47 20.21 ± 0.41 
24.48 ± 0.76 23.13 ± 1.18' 
24.07 ± 0.27 23,36 ± ' 21' 
25.09 ± 0.53 23.57± 0,52' 

%of dry wt 
4.09 ± 0.42 0.88 ± 0.07 
4.30 ± 0.14 0.87 ± 0.05 
5.55 ± 0.35' 1 28 ± 0.13' 
4.93 ± 0.24' 1.15 ± 0.09' 
6.07 ± 0.18' 1.43± 0.05' 

'Total fatty acids. bWid type. c Wild type culture subjected to0.4 mm SAN 9785 for 4 d and brought back to inhibitor.free medium,
similar tc the resistant culture. 4Resistant cell lines selected by filament Isolation from the resistant culture and cultivated on Inhibitor-free 
medium for1 I d. * S!gnificantly different from wild type. Lipid transmethylat;on and fatty acid analyses were performed as previously rcported
(3). 
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Figure 2. EPA content (%of fatty acids) of ,. ;ruentum wild type 
grown with (A)or without (13)the herbicide SAN 9785 and of a 
resistant cell line grown continuously in the presence of the herbicide 
(9)and shifled to a herbicide-free medium (arrow). Due to depend-
ence ul the fatty acid composition on the Ch level (5), the fatty acid 
composition was measured at a cell concentration corresponding to 
4 mg/L Chi. 

sistant to the growth inhibition o r 'AN 9785 were indeed 
selected from the wild type (Fig. i). 

Cell lines resistant to 0.4 nitM SAN 9785 were'obtained by 
a stepwise increase of the herbicide concentration in the 
growth medium. When cultivated in the presence of this 
concentration, the resistant cultures could grow, although at 
a reduced growth rate, whereas the wild type collapsed after a 
few day , (Fig. 1). When brought back to inhibitor-free me-
dium, their respective growth rates were back to normal (data 
not shown). The resistance was maintained even after 50 
generations in an inhibitor-free medium, indicating a genetic 
change. 

Relative to the wild type, the resistance in Spiri/ina was 
associated, as predicted, with elevated kvels ofGLA both in 
the presence (data not shown) and in the absence (Table I) of 
the inhibitor. In inhibitor-free medium, GLA increased from 
21.6% (oftotal fatty acids) in the wild type to 23.1, 23.4, and 
23.6% in the resistant isolates SRS-l, SRS-3, and SRS-Ih, 
respectively. The proportions of 18:0, 18:1, and 18:2 de- 

creased compared with the wild type (Table I). The three 
isolates had an improved fatty acid content (percent of dry 
weight) of 5.55, 4.93, and 6.07%, respectively, compared with 

in the wild type. Tho 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-Ih, respectively, be

even more apparent. It was possible that the GLA 
overproduction obtained by transferring to inhibitor-free m.
dium was merely an overshoot resulting from the absence of 
the 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 composition 
and content were not significantly different from that of a 
wild type cultivtLd on control medium (Table I).

The culture ofP. crtenttmn resistant to SAN 9785 displayed, 

in the presence ofthe inhibitor, EPA levels higher than those 
of freshly exposed cultures of the wild type (28.0 and 26.5% 
of fatty acids, respectively) (Fig. 2). Furthermore, elevated 
EPA levels were obtained when the resistant cultures were 
shifted to herbicide-free mediom, where it reached 40.4% as 
compared with 36.8% in the wild type. The increase in EPA 
resulted primarily from a decrease in 16:0. The enhanced 

EPA level under inhibitor-free conditions was sustained for 
at least 2 weeks (Fig. 2). By plating on agar, six colonies were 
selected, three of which displayed even higher proportions of 
EPA and a higher fatty acid content, resulting in a 27% 
enhanenlntia of the EPA content. Strains SPR-6 and SPR-7 
showed the highest EPA proportions, each attaining a level of 
-41% (of total fatty acids). On a dry weight basis, the fatty 
acid content of each of these lines increased to 5.6% (ofdry 
weight) compared with 4.8% in the wild type, resulting in an 
EPA content of 2.3% as compared with 1.8% ;in the wild type 
(Table I1). 

It is difficult at presert to point at the mechanism(s) of 
resistance to the herbicide. Murphy et al. (11) have shown 
that the uptake of SAN 9785 varies in various plants. They 
nave further shown that the herbicide was rapidly metabolized 
in pea but only gradually in cucumber and ryegrass (II). 
Other possibilities could involve the modification of the target 
enzyme to reduce its affinity to the inhibitor, or an increase 
in the level of the relevant enzyme (1,4.).The increase ofGLA 
in S. platensis and EPA in P. cruentumt may be attributed to 

Table Il. Fatty Acid Composition of P.cruentum Cell Lines Resistan to SAN 9785
 
The values presented are means ± So (n= 3). A I test was used to retermine significantly different values of EPA and TFA at P < 0.05.
 

Culture 
16:0 t6:t1t6:3 18:0 

WV' 

SRP-6c 

SRP-7c 

30.3 
±0.62 
29.2 
±1.5 
29.5 
±1.2 

5.20 
±0.34 

4.70 
±0.07 

4.54 
±0.30 

0.62 
±0.06 

0.62 
±0.08 

0.60 
±0.06 

0.44 
±0.02 

0.47 
±0.07 

0.46 
±0.10 

Fatty Acid Composition 
t1:1 18:2 18:3 

1,9 .,6 .,6 


%of total latty acids 
0.53 5.44 0.89 

±0.04 ±0.11 ±0.13 
0.53 5.,1 0.92 

±0.04 ±0.24 ±0.15 
0.47 5.34 0.90 

±0.06 ±0.23 ±0.04 

20:2 
.6 

20:3 
.6 

20:4 
,.6 

0.54 
±0.15 

0.63 
±0.14 

0.47 
±0.02 

0.68 
±0.07 

0.37 
±0.01 

0.59 
±0.16 

16.1 
±0.40 
15.4 

±0.10 
15.5 
±0.45 

Total fatty acids. I Wild type. I Resistant cell lines selecied by agar plating of the resistant culture. 
type. 

Fatty Acid Content 
EPA TFA EPA 
EP6A TFA6*.EPA 

%of dry Kt 
38.2 4.78 1.83 
±0.75 ±0 17 ±0.04 
41.1 5.64 2.32 

±0.39d ±0.67d 
±0.39 

40.9 5.62 2.31 
±1.1' ±0.67' ±0.36d 

Significantly different from wild 
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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 .hiscommunication indicate that the 
hypothesis suggesting the use of inhibitors of fatty acid desat-
uration as means for obtaining fatty acid overproduction was 
apparently correct. We ae aware that further exploitation of 
thisapproach could be hampered by the reduced specificity 


of the herbicide. Thus, more specific inhibitors, such as tran-
sition -age 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

sfeasible. 
scurces 
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Abstract-Cell lines of Spirulinaplatensisand Porphyridiurncruentum resistant 

to the growth inhibition of the herbicide SAN 9785 had a siginicantly higher growth 

rate than their respective witd type strains. These lines were also shown to 

overprodue y-linolenic acid (GLA) and eicosapentaenoic acid (EPA), respectively, in 

the presence and in the absence of the inhibitor. The effect was most conspicuous 
in polar lipids. Thus, the proportion of GLA in the galactolipid (GL) fraction ofthe 

SAN 9785 resistant strain S. platensisSRS-1 increased in the absence of the 

inhibitor from 33.3 in the wild type to 39.0%. Similarly, the EPA proportion of the 

GL fraction of the resistant strain P.cruentum SRP increased in the presence of 

the inhibitor from 29.1 to 45%. 
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INTRODUCTION 

The pharmaceutical interest [1-4] and limited availability of y-linolenic acid 

(GLA, 18:30)6) [5] and eicosapentaenoic acid (EPA, 20:50)3) [6-8] prompted the 

search for genetic means for increasing the production of these fatty acid3 from 

algal sources. We postulated [9,10] that among cells resistant to the growth 

inhibition of an inhibitor that affect fatty acid desaturation, some may 

overproduce the fatty acid in question. The substituted pyridazinone SAN 9785 

(BASF 13-338, 4-chloro-5(dimethylamino)-2-phenyl-3(2H) pyridazinone) was 

widely used for inhibition of 18:3o3 levels in the glycolipids of higher plants and 

algae [11] and was shown to directly inhibit in vitro desaturation of 18:2 in MGDG 

[12]. Recently, we have shown [10j that the herbicide SAN 9785 inhibited both the 

growth and the production of EPA and GLA in the red microalga Porphyridium 

cruentum and in the cyanobacterium Spirulinaplatenisis,respectively. This 

herbicide was considered therefore as suitable for introduction of a selection 

pressure for inducing overproduction of GLA and EPA in these algae. Indeed, we 

obtained strains of S. platensis and P.cruentun resistant to the growth inhibition 

of this herbicide which demonstrated overproduction of GLA and EPA, respectively 

[9]. While the phenomenon of emergence of overproducing mutants was widely 

reported in v'arious 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 this work, we further elaborate on the effect ofSAN 9785 on the fatty acid 

composition in both the wild type and resistant cultures of S.platensisand P. 

cruentun and characterize the resistant cultures with respect to their fatty acid 

composition. 
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RESULTS 

Resistance to the growth inhibition of SAN 9785 

The herbicide SAN 9785 inhibited the growth of S. platensisand P.cruentumn 

cultures. Growth was arrested after 2 and 4 days, respectively, in the presence of 

0.4 mM herbicide (Fig. 1). Resistance to the inhibitor was built up by continuous 

cultivation in the presence of gradually increasing concentrations of the inhibitor. 

Thus, by this method we obtained a culture ofS. platensis2340 which, in the 

presence of 0.4 mM herbicide, had a growth 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 a concentration as high as 0.8 mM (Fig. 1). 

Similar treatment of P. cruentum also yielded SAN 9785 resistant cultures. 

The culture resistant to 0.16 mM SAN had, at this concentration, a much higher 

growth rate than the wild type in 0.16 mM (Fig. 1) and almost as fast as the wild 

type cultivated in inhibitor-free medium. At 0.4 mM, the growth of the resistant 

culture resembled that of the wild type at 0.16 mM (Fig. 1). 

In both S. platensis and P. cruentum, when brought back to inhibitor-free 

medium, the growth rate of the resistant culture was similar to that of the wild 

type. The resistance was maintained even after 50 generations in an inhibitor-free 

medium. 

Effect of SAN 9785 on the fatty acid composition of wild type and SAN 

9785 resistant cultures of Spirulina 

The resistance to the inhibitor was manifested also in the fatty acid 

composition. The effect of this herbicide on the fatty acids of wild type Spirulina is 

primarily characterized by a decrease in the level of GLA and in an increase in that 

of 18:109 [10]. Yet, the intensity of the effect was considerably lower in the 

resistant cultures. Small differences were already ubserved in a culture of S. 

platensis 2340 resistant to 0.2 mM SAN 9785 (Table 1). By adaptation to a higher 
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concentration of the inhibitor, the resistance was more salient. In the culture 

resistant to 0.4 mM SAN 9785, the GLA proportion in the presence of the inhibitor 

reached 16.5 as compared with only 12.3% in the freshly exposed wild type culture, 

representing an overproduction of this fatty acid. Concomitantly, the proportion of 

18:1 was lower, attaining only 5.4 while reaching 11.2% in the wild type. The ratio 

of 18:3 and 18:2 to 18:1 (R), was reduced in the wild type, in the presence of 0.4 

mM SAN 9785, from 17.4 to 3.1. Yet, in the resistant culture it was reduced to 

only 7.8. The fatty acid content also higher reaching 4.3 compared with 2.7% (of 

dry weight) in the wild type, resulting in an increase in the GLA content from 0.38 

to 0.71% in the resistant culture which was still lower than that of the wild type in 

the absence of the inhibitor (0.9%) (Table 1). 

The effect of the inhibitor on both the wild type and the resistant cultures was 

even more conspicuous in the polar lipids. When exposed to 0.4 mM SAN 9785, the 

proportion of GLA in the glycolipids (GL) of another Spiruliiastrain - BP was 

reduced from 36.8 to 22.2% (Table 2). A slight decrc ise was noted in the level of 

18:2(o6 while the level of 18:1co9 increased from 4.0 to 19.2%. Consequently, the R 

value dropped from 1.1.7 to 1.7. In culture Z19/2 (derived from SpirulinaBP), which 

was resistant to 0.4 mM SAN 9785, the level of GLA in GL was higher and that of 

18:1039 lower than that of the wild type in the presence of the inhibitor, reaching 

26.4 and 15.4%, respectively (Table 2). In the phospholipid (PL) fraction of the wild 

type lipids, the inhibitor caused a reduction in the level of GLA from 5.8 to 3.4% 

and that of 18:20o6 from 34.5 to 18.2%. The major increase was noted in the 

proportion of 18:19 which increased to 28.9 from 10.7% in the absence of the 

inidbitor (Table 2). 

Effect of SAN 9785 on fatty acid composition of wild type and resistant 

cultures of P. cruentum 

The main effect of SAN 9785 on the fatty acid composition of wild type P. 

cruenturn cultures was expressed in the decrease in EPA and the increase in 16:0. 

At 0.4 mM SAN 9785, EPA decreased from 36.8 to 25.4 (%of fatty acids) while 

( 
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16:0 increased from 31.8 to 43.9%. In the resistant culture, however, the level of 

EPA reached 30.7% (Table 3), while that of 16:0 was even lower than that of the 

wild type under inhibitor-free conditions. 

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

the fatty acid composition in the GL. Thus, in this lipid fraction, the inhibitor 

reduced the proportion of EPA in the wild type from 50.0 to 29.1% (Table 4), but 

only to 45.4% in the resistant culture. 

In the absence of the inhibitor, the EPA proportion in the resistant culture 

reached 40.4% while in a subculture (SRP-6) isolated by agar plating an even 

higher proportion of 41.1% was reached (Table 3). 

GLA overproduction 

In inhibitor-free medium, the GL fraction of one of the SAN 9785 resistant 

cultures, SRS-1 [9] of S. platensis 2340, had a high level of GLA which reached 

39.0 in comparison with 33.3% in the wild type (Table 2). The level of 18:2 was 

reduced to 11.6 from 16.5% in the wild type, resulting in a significant increase in R 

from 26.2 to 42.2. The level of unsaturation of C16 fatty acids also increased. 

DISCUSSION 

Algal cultures continuously exposed to an agent that inhibits fatty acid 

desaturation thus causing a growth inhibition, may develop resistance to the 

growth inhibition of that inhibitor. Such resistance could be the result ofdecreased 

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. Recently, we [10] have shown that the herbicide SAN 9785 inhibited 

the biosynthesis ofboth GLA and EPA in S.platensis and P. cruenturn, 

respectively. It is reasonable to assume that the growth inhibition incurred by 

SAN 9785 emanates to a certain extent from its effect on fatty acid desaturation, 

particularly the desaturation of linoleic acid. The latter is further desaturated to 

GLA in S. platensis(Scheme 1)and in P.cruentuin to GLA and perhaps to a 
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linolenic acid both of which are possible EPA precursors (Scheme 2). Thus, we 

hypothesized that GLA and EPA overproducers may be found among SAN 9785

resistant cell lines of S. platensisand P. cruentum, respectively and suggested that 

this inhibitor could be utilized for inducing overproduction of these fatty acids. 

Indeed, in the presence of the inhibitor, in both S. platensisand P.cruentum, the 

growth rate of the resistant cultures exceeded that of the wild type and the fatty 

acid composition was less affected [9]. Actually, the perturbation rendered by the 

inhibitor to the fatty acid composition and content of the culture resistant to 0.4 

mM was less than that suffered by a culture freshly exposed to only 0.16 nM in P. 

cruentum and 0.2 mM inhibitor in S. platensis. 

In keeping wNith Murata et al. [161, it can be deduced that in Spirulina,being a 

cyanobacterium, only saturated and monounsaturated C18 acyl groups are 

incorporated to GLs and esterified to the glycerol backbone at the sn-2 position, 

hence any further desaturation is accomplished on GL bound molecular species. 

Invoking the R value is thus justified, being a measure of GL-related C18 

desaturations, reactions which are the most likely to be affected by SAN 9785. 

Indeed, the R value in the GL of the resistant culture SRS-1 increased to 42.2 as 

compared with 26.2 in the wild type. 

Apparently, there are several possible routes for the synthesis of EPA in 

microalgae. This conclusion was drawn from the findings that in some algae such 

as P. cruentum, SAN 9785 inhibits the formation of EPA in GL [10] while in others, 

e.g. Monodussubterraneus[10], Chroomonassalinaand Nannochloropsisoculata 

[17], it does not. We hypothesized that in Porphyridium, EPA is the product of 

elongation and further desaturation of GL bound 18:3. The increase in the 

proportion of 20:2 in GL in the presence of the inhibitor as wvell as the 

overproduction of EPA in the GL of resistant cells (Table 4) support this 

hypothesis. The resistant lines will undoubtedly be of further aid in elucidating the 

biosynthetic pathways of EPA in P.cruenturn. 

0 
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The growth rate of the resistant cultures in the presence of the inhibitor, 

although higher than that of a freshly exposed culture was still lower than that of 

the control culture. This may reflect the fact that the herbicide has more than one 

site of action. Hilton et al. [18] have shown that this herbicide causes a direct 

inhibition of photosynthetic electron transport. We have recently demonstrated 

[10] that SAN 9785 which was known to be an inhibitor of the A15 system 

(18:2wo6 to 18:3(o3) in chloroplast lipids [11] was also capable of inhibiting the A6 

system (18:2co6 to 18:3(o6), further demonstrating the wide range of activity of this 

herbicide. Yet another example for the lack of specificity is the observation that 

this herbicide affect also the desaturation of 18:1w9 to 18:2(o6 in Spirulina,which 

is indicated by the accumulation of the former (Table 1). This was conspicuously 

evident in the PL fraction, which, in cyanobactera, consists fphosphatidyl 

glycerol (PG) only. The large increase of 18:1 in this lipid fraction resulted primarily 

from the decrease in 18:2 and not from the decrease in GLA whose level was 

already very low (Table 2). In plants, it was already shown [19] that the enzymes 

responsible for the desaturations of 18:1 to 18:2 (A12) and from 18:2 to 18:3 in GL 

and PG are the same. Thus, it follows that there is a direct effect of SAN 9785 on 

the A12 system in both PG and GL which may be independent of its effect on the 

A6 system. 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 transition stage analogs are being sought. 

The selected strain, S. platensis2340, was previously shown to be very low in 

GLA content [5]. However, it was used as an experimental model with the 

assumption that a further reduction in the already low GLA level in this strain 

would be more detrimental, resulting in a stronger selection pressure for the 

appearance of GLA over-producing lines. Currently, we are conducting similar 

selections with strains of high GLA content. We expect that further selection of 

GLA over-producing Spirulinastrains would make the production of algal GLA 

economically feasible. 
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EXPERIMENTAL 

Organismsandculture conditions.Spirulinaplatensis2340 was obtained from 

the University of Texas Culture Collection. Strain BP was isolated from a local 

pond in Ban Pong, Thailand. Porphyridiurncruentunm strain 1380 ld was obtained 

from the Goettingen Algal Culture collection (Goettingen, Germany). Spirulina 

cultures were cultivated on Zarrouk's medium at 300 as previously described [5]; P. 

cruentunwas grown on Jones' medium [20]. Stock cultures were maintained and 

inocula performed according to Vonshak [21]. Porphyridiumcultures were grown in 

Erlenmeyer flasks, placed in an incubator shaker and illuminated from above at a 
2 "1light intensity of 115 tE m- sec , under an air-C02 (99:1) atmosphere at 250. 

Cultures were grown exponentially (with proper diln) under the appropriate 

conditions for at least 4 days prior to the onset of the expt. The specific growth rate 

was estimated by measurements of chlorophyll conc. 

Selection ofSAN 9785 resistantlines Solutions of SAN 9785 in DMSO were 

added to exponentially growing cultures. The final concentration of DMSO in 

treated and control cultures did not exceed 1%. Cultures of S. platensiswere 

cultivated in the presence of 0.2 mM SAN 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 herbicide) 

the growth rate gradually increased approaching that of the control cells. The 

concentration of the inhibitor was increased to 0.4 mM and the culture was 

cultivated as above for several months. P.cruentun cultures were similarly 

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. Inhibitor resistant sublines ofS. platensiswere obtained by filament 

dilution. Culture suspension resistant to 0.4 nM herbicide was diluted with 

inhibitor-containing medium and distributed to 50 test tubes having on the average 

half a filament per test tube. The test tubes were incubated for a period of several 
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weeks. The test tubes in which growth occurred were rescued. Cell lines ofP. 

cruenturn 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. 

FattyAcid Analysis. Fatty acid composition and content were measured 3 days 

after exposure to the inhibitor. Freeze-dried cells were transmethylated with 

MeOH - AcOCI as previously described [22]. Heptadecanoic acid was added as an 

int. std. GC analysis was performed on a Supelcowax 10 fused silica capillary 

column (30m x 0.32 mm) at 2000 (FID, inj. and detector temp 2300, split ratio 

1:100). Peak areas were measured using an integrator. Fatty acid Me esters were 

identified by co-chromatography with authentic standards (Sigma Co.) and by 

cormparison of their equivalent chain length (ECL). Fatty acid contents were 

determined by comparing their peak areas with that of the int. std. The data 

shown represent mean values with a range of less than 3% for major (over 10% of 

fatty acids) peaks and 10% for minor peaks, of four independent samples, each 

analyzed in duplicate. 
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Table 1. Effect of SAN 9785 on iatty acid composition and content of wild type and SAN 9785 

resistant cultures of S. platensis2340. 

°
SAN 9785 Fatty acid composition FA. content R 

conc. (%of total fatty acids) (% ofdry wt)
 
Culture (MM) 14:0 16:0 16:1 16:3 18:0 18:1 18:2 18:3 TFAt 18:3
 

co6 w6 co6 

WT* 0 1.6 44.2 4.7 0.5 1.0 2.6 25.6 19.6 4.9 0.96 17.4 

WT 0.2 1.9 46.7 3.6 0.7 1.9 5.0 24.3 15.9 3.9 0.62 8.0 

SRS (0.2)* 0.2 1.5 48.0 2.5 0.6 2.0 4.8 23.6 16.9 4.1 0.69 8.4 

WT GA 0.9 45.0 4.0 1.0 3.2 11.2 22.4 12.3 2.7 0.38 3.1 

SRS (0.4) 0.4 1.3 45.9 2.6 0.8 5.4 25.4 16.51.9 4.3 0.71 7.8 

tTotal fatty acids. 

*Wild type. 

'R: (18:3 + 18:2)/18:1. 
*Cultmwe resistant to a concentration of SAN 9785 whose level is indicated in parenthesis. 

Cultures were analyzed 4 days after exposure to the indicated concentration of the inhibitor. 

Traces (< 0.3%) of 16:4 were also present. Data shown represent mean values of four independent 

sampies, each analyzed in duplicate. 



Table 2. Effect of SAN 9785 on the fatty acid composition of the polar lipids of wild type and 

SAN 9785 resistant cultures of Spirulina. 

Lipid Strain Medium Fatty acid composition RI 

fraction (%of total fatty acids) 
1S:0 16:1 16:2 16:3 16:4 18:0 18:1 18:2 18:3 

_6 o 6
 

GL 	 BP -Q 41.2 4.5 nd* nd 2.1 1.6 4.0 9.8 36.8 11.7 

Z19/2 - 41.9 5.2 nd nd rd 0.8 	 2.7 11.1 38.3 18.5 

BP + 44.3 1.8 nd nd 0.7 2.5 19.2 9.4 22.2 1.6 

Z19/2 + 42.4 3.2 0.3 0.6 0.4 2.0 15.4 9.3 26.4 2.3 

2340 - 40.6 6.8 0.3 0.3 0.1 0.5 1.9 16.5 33.3 26.2 

SRS-1* - 38.4 8.4 0.4 0.5 	 rd 0.5 1.2 11.6 39.0 42.2 

PL 	 BP - 41.9 nd nd 2.5 n-d 4.7 10.7 34.5 5.8 3.8 

Z19/2 41.3 3.9 0.9 0.8 1.7 2.2 7.1 34.7 7.4 5.9 

BP + 43.6 1.0 0.7 nd 0.9 3.4 28.9 18.2 3.4 0.75 

Z19/2 + 41.3 4.0 0.4 1.4 0.3 2.8 24.5 19.1 5.5 1.0 

tR: (18:3 + 18:2)/18:1. 

Q(-)
Inhibitor free medium; (+) medium containing 0.4 mM SAN 9785.
 

*Not determined.
 

*Z19/2 and SRS-1; cultures resistant to 0.4 mM SAN 9785 deriving from S. platensis strains 

BP and 2340, respectively. 

Data shown represent mean values of four independent samples, each analyzed in duplicate. 



Table 3. Effect of SAN 9785 on thFo fatty acid composition of wiid type and SAN 9785 

resistant cultures of P. cruentum. 

SAN 9785 Fatty acid composition
 

conc. 
 (% of total fatty acids) 

Culture (mM) 16:0 16:1 16:3 18:0 18:1 18:2 18:3 20:2 20:3 20:4 20:5 
(06 0)6 o6 (6 ()6 (3 

WT" 0 31.8 5.9 0.5 0.9 1.0 5.3 1.4 0.3 0.5 16.0 36.8 

WT 0.16 37.8 5.1 0.8 0.7 1.3 5.0 0.7 0.6 0.9 15.4 31.2 

WT 0.4 43.9 5.9 0.8 0.9 1.9 5.5 1.5 0.8 1.3 11.6 25.4 

SRP ° 0.4 29.0 3.1 0.6 1.8 2.8 12.2 1.3 i.e 2.7 14.3 30.7 

SRP 0 28.5 5.4 0.4 0.5 1.0 5.7 0.9 0.5 0.7 15.8 40.4 

SRP-6* 0 29.2 4.7 0.6 0.5 0.9 0.6 0.40.5 5.3 15.4 41.1 

tWild type. 

*SAN 9785 resistant culture.
 

*Resistant line selected by agar plating of the resistant culture.
 

Data shown represent mean values offour independent samples, each analyzed in duplicate. 

/I 



Table 4. Fatty acid compositi(,n of the GL fraction of wild type (1380-1d) and SAN 9785 

resistant cultures of P. cruentum. 

Culture Medium Fatty acid composition 

(%of total fatty acids) 
16:0 16:1 16:3 18:0 18:1 18:2 18:3 20:2 20:3 20:4 20:5 

w36 (06 6 06 6 3 
WT - 36.4 1.2 nd" 0.5 1.0 4.3 nd 0.6 nd 5.9 50.0 

WT +Q 36.4 8.2 0.5 3.3 5.7 4.1 0.4 1.3 0.2 9.2 29.1 

SRP* + 36.0 2.0 0.2 1.2 2.0 7.4 0.3 1.2 0.,- 3.8 45.4 

Q(.) Inhibitor free medium; (4.) medium containing 0.4 mM SAN 9785.
 

*Not determined.
 

*A culture of P. cruentunm 1380-Id resistant to 0.4 mM SAN 9785.
 

Data shown represent mean values of four independent samples, each analyzed in duplicate.
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Fig. 1 Effect of SAN 9785 on the growth rate (expressed as the increase in 

chloropyll concentration relative to day 0) of S. platensis2340 and P. 

cruentum, ( E[ -control;* -0.16 mM SAN 9785; # -0.2 mM; E -0.4 mM; A 

-0.8 mM). Empty symbols denote wild type cultures freshly exposed to the 

herbicide. Filled symbols denote cultures resistant to the indicated 

concentration of SAN 9785. 

Scheme 1.Suggested pathway of fatty acid biosynthesis in Spirulina. 

Scheme 2. Possible pathways of PUFA biosynthesis in P.cruentun. 
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Abstract-The effects of the herbicides SAN 9785 and norflurazon on growth and fatty acid composition of thecyanobacteriuni Spirulina platensis. the marine microalga Porphvridiurn cruentu, and the freshwater alga Alonodus
subterraneuswere sttdied. Norflurazon was more effective than SAN 9785 in causing growth inhibition ofS. platensiscultures; changes in fatly acid composition confirmed that this compound is a potent inhibitor of A6.dcsaluration.

SAN 9785 inhibited the growth of S.platensis concomitantly causing a reduction in the amount of the fatty acids
18:3(o6 and 18:2(1)6 and ain
increase in 18:1 and 18:0, Ihus 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 inhibited
the formation of 20:5(13, apparently by blocking the desaturation of 18:2 to 18:3(o3 in one pathway cfeicosapentaenoic acid biosynthesis. IHowever, in Af. suthterranius SAN 9785 reduced growth, but caused an increase in
the contact of20:5ro3 indicating apossible alternative pathway for the formation of20:5us3 in this alga. SAN 9785 was
therefore considered to be useful for the selection of cell lines which overproduce the valuable fatty acids 18:3rL6 and

20:5ro3 in S.platensisand I'. cruentun, respectively. 

INTRODUCTION There are several physiological mcans for increasing oilRecent increasing interest in polyunsaturated fatty acids content in eukaryotic algae including nitrogen or silicon
(PUFA) such as eicosapentaenoic acid (EPA, 20:5(o3) starvation, and keeping cells in the stationary phase of

and y-linolenic acid (GLA, 18: 3(o6) as potential pharma-
 growth. However, none of these methods was shown to beceuticals [1-4] has triggered the search for new sourccs of effective for ryanobacteria and even in eukaryotic algae.
thesce fatty acids. The current source of EPA is marine fish 
 their benefits are limited with regard to EPA production
oil. Ihowever, its relatively low EPA content (7-15% of because of decreases in growth rate and PUFA contlent
total fatty acids) and thepresence of cholesterol in fish oil which are generally associated with 
 an increase in oil
have prompted several studies aimed at the development content [18, 19]. We have hypothesized that PUFA
of alternative EPA sources. Although fungal production overproduction could be obtained using specific inhibi
of EPA has been suggested [5],large scale cultivation ofa tors which perturb lipid biosynthetic routes. In higherfungal source is not yet feasible. The commercial potential plants, it was indeed shown that lines selected for resistof EPA-conlaining algae has also been investigated ance to certain inhibitors which affect the formation of[6-8]. We have previously demonstrated that ,he marine various essential metabolites. overproduce the metabolitered microalga Porphyridium cruentuon is one of the best in question [20-22]. Mutants ofSpirulina showing eleva
algal 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 ;n the presence of praline analogues [23]. Similarby the combination of strain selection [II]. environ-, phenomena were observed in the cyanobacterium No.sroc
mental conditions [9-1I] and efficient purification meth- [24] and the alga Nanoc'hloris ha,'ilaris[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 as 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 tF:I which is
strains and environmental conditions Spirulina oil can already esterified to a specific glycerolipid (rather thanbecome one of the richest sources of GLA [17]. 1 desaturalion of CoA thioesters) and that16:0 may be 

desaturated when it is esterilied at the sit-2position of'Author to wthom correspondence should 5c addressed. monogalaclosyldiacylglycerol (MGDG) phosphati- ,\or 
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dylglycerol (PG) [26]. While these pathways are similar to 
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 ispresumed that 20:5 is formed by
a series of desaturations and an elongation of 18:26, 

S.p1 
GJensit 

possibly via 18:30 [27]. 
Several herbicides have been shown to inhibit fatty acid

desaturation. The substituted pyridazinone SAN 9785 
[BASF 13-338, 4-chloro-5(dimctlylamino).2-pbenyl.
3(211) pyridazinone] isthe most effective known inhibitor 
of w3 desaturation and its effect of reducing 18:3o3 
concentrations in the glycolipids of higher plants andalgae has been widely studied [2.']. 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 

10 
1 

/ 
2 3 4 

fatty acid desaturation isthe restilt ofa direct inhibition of
the desaturase enzyme, independent of its effect on photo-
synthesis [30]. It. an independent study [31], we have 
shown that the struclurally-related herbicide norfiurazon 

0 
0 

(SAN 9789), aknown inhibitor ofcarotenoid biosynthesis ,
and chlorophyll accumulation, isa 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 cyanobacteriurn S.platensis, the red microalga
P. cruentumr and the freshwater microalga Al'onodus sub-
terraneus. We further evaluated their potential for selec
ling cell lines whiclt exhibit overproduction of GLA in 
S.platensis and of EPA in P. crutntunm and At. sub- 0 

0 
10 

1 

M. subfrr.,eu 

2 3 4 

terramllus. 

RFSU LTS 1 

Effect ofSAN 9785 and norfluraon on growth 
The effects of various concentrations of the two herbicides on the growth rate of S.platenss, P. cruentumn and 0 1 2 3

Af. subterra:esus were studied. SAN 9785 inhibited the TIME (days)growth of both S. platensis and P. cruentin cultures. Fig . Effect otSAN 9785 on growth (expressed sthe increase
0.4 arrste afer feM aximal inhibitionwa Mwgowtas observed at 0.8daymM ,(Fg.yet even). at in c . E netra ton re sedas te nncreAellis chlorophyll concentration relative to day 01of S.plai ensis, P.

0.4 mM growth was arrested after a few days (Fig. 1). Cellgrowth of Af. suberrant'uswas almost completely inhib-
cruentum and At. subterranru. (0, control; 0. 0.04 mM; 6,0.08 mMl; LI,0.16 mM; , 0.2 mM; A, 0.4 maM).ited at 0.2 mM (Fig. I). Norflurazon was much more 

effective than SAN 9785 in suppressing growth of 
S.platensis, which was completely inhibited two days in
the presence of 3pM (Fig. 2). Ilowever, cells were stillviable at a herbicide concentration as high as 15tJM, deeasesin the proportion 18:3 and 8:26 and inojudging by their ability to grow in inhibitor-free medium, increases in those of 18:1 and 18:0 (Table ). Duringincubation with 0.4 mM SAN 9785, the proportion ofEffictofSAN 9785 rd nolurazon onfattyacid 18:3r6 declined from 19.6% (of total fatty acids) in 
lion inhibitor-free medium to 12.3% and that of 18:2 fromNorflurazon markedly altered the fatty acid profile of 25.6% to 22.4%, while 18:1 and 18:0 increased. Rela-S.platensis. In the presence of 15 M, the proportion of lively small changes were also observed in the C,' fatty18:3(o6 in the total fatty acids decreased from 21.7% to acid series. The total fatty acid content was also reduced12.7% with concurrent increases in 18:2 and 18:1 (Fig. 3). from 4.90 to 2.66% (of dry weight), resulting in a signific.Pigment accumulation (data not shown) and total fatty ant reduction of the content of 18:3 from 0.96 to 0.33%.acid content were also affected. The latter was reduced The major effect of SAN 9785 on the fatty acidfrom 3.5 to 1.6% (of dry weight). composition of P.cruentumr was the reduction in 20:50u3 

4 
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and the concomitant increases in 20:26, 20:3u)6 and As noted above, SAN 9785 also inhibited the growth of16:0(Table 2). In the presence of 0.16 mM SAN 9785, the At. suhterianeus(Fig. I). However, its concurrent effect onproportion of 20:5 declined from 36.8% (of total fatty cell PUFA composition was unlike that observed aboveacids) to 31.2% while that of20:4,)6 was reduced only at for the other two algae (Table 3). The proportion of EPAhigher inhibitor concentrations. The relative amounts of wa. found to increase significantly from 22.4 to 34.8%20:2, 20:3 and 16:0 increased. The effect of SAN 9785 on while the amounts of 16:0 and 16: hl7 decreased (Tablefatty acids itcreased with herbicide concentration and 3). Ilowever, the absolute content of EPA did not changewas maximal at the highest concentration studied, significantly due to the decrease in total fatty acid contentnamely 0.4 mM. which dropped from 12.3 to 7.34% (% of dry weight). The 

110
 

so 

Ins
Ip:: 
0 1 2 3 0 3 is ISO 

TIME (days) NORFLURAZON CONC. (pM)
Fig. 2. Effect of norflurazon on growth rate (expressed as the I Fig. 3. Effect of norflurazon on 18:3 (0), 18:2 (0) and 18:1increase in chlorophyll concentration relative to day 0) of S. (0) contents in S.plalensis.

platensis (o, control; 0, 3/pM-; A, 15JIMI. 

Table I. Effect of SAN 9785 on fatty acid composilion and content of S.platensi.s 

Fatty acid composition Fatty acid content 
(% of total fatty acids) I%of dry wt) 

SAN 9785 18:2 18:3 18:3concn (mM) 14:0 16:0 16:1 16:3 16:4 18:0 10:1 96 ,6 fFA* (w6 

0 1.6 44.2 4.7 0.5 0.2 1.0 2.6 25.6 19.6 4.90 0.960.2 1.9 46.7 3.6 0.7 -- t 1.9 5.0 24.3 15.9 3.90 0.620.4 0.9 45.0 4.0 1.0 - 3.2 11.2 22.4 2.6612.3 0.33 

*Total fatty acids.
 
tTrace amount.
 
Cultures were analysed four days after exposure to theherbicide. Data shown represent mean

values of four independent s3mples. tach analysed in duplicate. 

Table 2. Effect or SAN 9785 on fatty acid composition of P. cruentun 

Fall) acid composi!ion 
(% of total fatty acids) 

SAN 9785 18:2 18:3 29:2 20:3 20:4 20:5

concn(mNl) 16:0 16:1 16:3 18:0 18:1 w6 w6 (o6 1,6 w 6 

w3 

0 31.8 5.9 0.5 
0.9 1.O 5.3 1.4 0.1 0.5 16.0 36.8
0.08 .16.15.0 0.8 0.9 1.2 5.0 0.8 0.4 07 13.3 35.40.16 37.8 5.1 0.8 0.7 1.3 5.0 0.7 0.6 0,9 15.4 31.2
0.40 43.9 5.9 0.8 0.9 1.9 5.5 1.5 0.8 1.3 11.6 25.4 

Cultures were analysed four days after exposure to the herbicide. Data shown represent mean 
values of four independent samples, each analysed in duplicate. 
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Table 3. Effect of SAN 9785 on fatty acid composition or At. suhterraneux 

Fatty acid composition Fatty acid content 
(V of total fatty acids) (V or dry ml) 

SAN 9785 
concn ImMI 14:0 16:0 16:A 18:0 

18:1 18:2 
w9 u6 

18:3 20:3 
(u6 w6 

20:4 
w6 

20:5 
W3 TFA* 

20:5 
(3 

0 
0.2 

4.2 
4.0 

24.6 
21.0 

28.0 
23.1 

0.9 10.0 1.2 1.4 1.0 5.0 
1.4 7.1 2.4 -- - 6.2 

22.5 
34.8 

12.30 
7.34 

2.76 
2.56 

*Total fatty acids. 
Cultures were anal)sed four days after exposure to the herbicide. Data shown represent mean values of twoindependent samples, each analysed in duplicate. 

very low :oncentration of 18:3w6 present in control cells 18:3(6 - 2:3w6 -- 20:4o,6disappeared during herbicide treatment, and there was a
small increase in 18:2io6 and 20:4w6. f6: #8016:0 18:0 -0-b lBia)9--.18:2.6 -I 20;2w6 

DISCUSSION ? 
Eighty-five per cent of the GLA in S.platensis (Cohen, 18:3,.3
-0 20:3Wslunpublished data) and over 90% of the EPA in 

P. cruenunt [12] are located in chloroplast galaclolipids
(GL) which are considered to be structural components of 18:4s,3 - 20:4 * 20:,s,3the photosynthetic apparatus [323. Thus. it was reasonable to assume that inhibitors having an effect on desatura- Scheme I. Possible pathways of PUFA biosynthesis in microlion reactions involved in PUFA biosynthesis would also algae.
affect growth (i.e., by impairment of photosynthetic efliciency). Elongation and desaturalion reactions in proposed composition of Af. subterranus [31] and P. cruentumpathways of PUFA biosynthesis in microalgac arc pr- (data not shown). Although this compound inhibited celsented in Scheme I. As previously mentioned various growth, no reduction in EPA was observed. On thesubstituted pyridazinones, such as SAN 9785, are known contrary, its proportion increased significantly.to inhibit the desaturation of 18:2(o6 to 18:33 [28] The inhibitory activity of SAN 9785 inP. cruentrumwhich is a possible precursor of 20:5(13 in both the resulted in a reduction in the contact of EPA (Table. 2),marine red microalga P. cruentun and the freshwater primarily in the GL fraction (data not shown). Anchrysophyte At. suhterraneus (Scheme I). The data pre- increase in the precursor 18:2, or any of its-producls insettled here Fig. I and Table I) show that in S.platensis, othet pathways, could be predicted. Yet, except for smallwhich contains 18:3(16 as a major component of GL, increases in 20:2 and 20:3 the only major increase wasSAN 9785 inhibits both cell growth and synthesis of noted in 16:0.18:3(o6. We suggest that growth inhibition may stem -- InTA. s7uherrn(eu., SAN 0785, while reducing groi7%7hfrom the effect on the chloroplast membrane fatty acid and decreasing fatty acid content, surprisingly caused ancomposition, although we cannot rule out the possibility increase in the proportion of 20:5(93. Since this fatty acidthat growth may be adversely affected by a reduction in is primarily located in GL in both At. suhterraneusandcarbon assimilation resulting from the direct inhibition of P. cruentum (Cohen, unpublished data), this contradic.photosynthesis by the herbicide. Recently, we have shown tory effect ofSAN 9785 on Al. suhterrapeusEPA suggests[31] that norflurazon, astructurally related pyridazinone the exislance of att alternative pathway for 20:5(Z3 bioknown to inhibit carotenoid biosynthesis, chlorophyll synthesis in this alga. Inaccumulation, and consequently growth [33].also effect-

this scheme, elongation of 
tR:2vo6 to 20:2co6 would precede desaluration of theively inhibits fatty acid desaburation, primarily A6-de- latter to 20:33 (Scheme 1)which would then be furthersaturation. The effect ofnorflurazon on the A6-desaturase desaturated to form 20 5W3. Based on the data presentedin S.platensis was shown to be two orders of magnitude here, our hypothesis states that these desaturations of C2ohigher than that of SAN 9785 (Table I, Fig. 3). Thus, fatty acids are much less sensitive to the inhibitor. An3pM norflurazon and 0.4 mM SAN 9785 reduced the other possibility is that in this alga the desaturalion ofamount of 18:3(o6 by 25% and 29%, respectivel,. 18:2 to 18:3(,3 takes place on extrachloroplastic PCObtaining resistance to the inhibitory effect of norflur- prior to PUFA incorporation into G L. Itwas sugg:stedazon on fatty acid desaturation would be complicated that in the 'eukaryotic pathway'ofGL synthesis in higherdue to its dual mode of action. We have previously plants, 18:2/18:2-PC [26] or 18:2/i8:3-PC [34] are thestudied the effect of this herbicide on the fatty acid molecular species which are transported back to the 

I 
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chloroplasts for subsequent galactosylation or their gly. 
cerol moieties and further fatty acid desaturation. The 
desaturation of 18:2 occuring on PC was shown in 
Arahidopsis to be less sensitive to SAN 9785 inhibition 
then chloroplast desaturation reactions [35], and similar 
mechanisms could be operative in Al. suberraneus. 
Henderson et al. (36]. who studied the effect of this 
herbicide in the marine microalgae Chroononas salina 
and Nanmchloropsis nculata, also obtained data indicat-
ing the possible existence of a different biosynthetic 
pathway for 20:5. The unexpected effect of SAN 9785 on 
At. subterraneus may be helpful in elucidating the bio-
synthetic pathway of EPA in this alga. Further siudies in 
this direction aie currently under way. 

The herbicide SAN 9785 inhibited growth in all three 
algal species studied. We suggest that in S.platensis and 
P. cruentuin growth inhibition could be related to the 
effect of the inhibitor on the production of GLA and 
EPA, respectively, and to a lower ex!rtt also to the 
reduction in total fatty acid content. In Af. subt!erruneus, 
while no such inhibitory effect could be demonstrated. the 
reduction in total fatty acid content by more then 40% 
could perhaps be related to inhibition of growth. 

We have hypothesized that one means to achiee 
resistance to inhibitors of lipid biosynthesis would be to 
elicit fatty acid overproduction. Thus, obtaining resis:-
ance to the growth inhibition by such compounds could 
be the basis for selection of algal lines capable of GLA or 
EPA overproduction. The growth inhibition rendered by 
SAN 9785 and the specific inhibitory effects it exerted on 
the production of EPA and GLA led us to utilize it for the 
selection of cell lines resistant to its growth inhibiting 
effect, some of which could be EPA and GLA over 
producers in Spirulina and Porphrridium, tespectively. 
Recently we [37] succeeded inachieving resistatnce to this 
inhibitor in cultures of both Spirulina and Porphyridiun 
including cell lines which demonstrated overproduction 
of GLA and EPA, respectively, in these species. 

EXPRIME.NTAL 
Orgulanisms (adculure conditions.S.spiruinia platensis 

strain 2340 and Al. nuioodussubterraneus UTEX 151 were 
obtained from the University of Texas Culture Collec-
tion. 1'. orphvridiuii cruentm strain 1380 1d was obtained 
front the Goettingen Algal Culture collection (Goettin-
gen, Germany). S. pirulino pluteisis was cultivated on 
Zarrouk's medium at 30' as previously described [17]: 
P. cruentuin was grown on Jones' medium [38]: At. 
subterraneus was cultivated on the BG- II medium as 
described by Iwamoto [8]. Stock cultures were main-
tained and inocula performed according to Vonshak 
[39]. Porphyridium and hloiodus cultures were grown in 
Erlenmeyer flasks. placed in an incubator shaker and 
illuminated from above at a light intensity of 115 pE 
m- 2sec-', under an air-CO (99:1) atmosphere at 25-. 
Cultures were grown exponentially (with proper diln) 
under the appropriate conditions for at least 4 days priot 
to the onset of the expl. The specific growth rate was 
estimated by measurements of chlorophyll concn [39]. 

Soins of the herbicides in DMSO were added to expo
nentially growing cultures. The final concn of DMSO in 
treated and control cultureE did not exceed 1%. 

Fatty acid analysis. Fatty acid composition and con
tent were measured 3 days after exposure to the inhibitor. 
Freeze-dried cells were transmethylatcd with MeOlH 
AcOCI as previously described [12]. Ileptadecanoic acid 
was add:d as int. standard. GC analysis was performed 
on a Supelcowax 10 fused silica capillary column (30 mx 
0.32 mm) at 200 (FID, inj. and detector temps 230 ,split 
ratio I : 100). Peak areas were measured using an integ
rator. Fatty acid Me esters were identified by co-chro
malography with authentic standards and by GC-MS. 
Fatty acid contents were determined by conparing their 
peak areas with that of the int. standard. The data shnwn 
represent mean values with a range of less than 5% for 
major (over 10% of fatty acids) peaks and 10% for minor 
peaks, ofat least two independent samples, each analysed 
in duplicate. 
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Abstract 

The polyunsaturated fatty acid y-linolenic acid (GLA) is of potential 

pharmaceutical value. The cyanobacterium Spirulinaplatensis could become 

an excellent source for this fatty acid, provided that GLA content could be 

increased and a GLA concentrate could be obtained at a low cost. Increasing 

the cell concentration in Spirulinaplatensis enhanced the fatty acid content 

and thus the GLA content. This effect was used to further enhance the GLA 

content of GLA-overproducing strains. Separation of the galactolipids and their 

purification via urea complexes formation, resulted in a GLA concentrate of 

over 90% purity. 

* To whom correspondence should be addressed. 
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Introduction 

Recent studies have shown that the polyunsaturated fatty acid y-linolenic acid 

(GLA, 18:3co6) is of potential pharmaceutical value for lowering low density 

lipoprotein in hypocholesterolemic patients (Ishikawa et al., 1989), for 

alleviation the symptoms of the pre-menstrual syndrome (Hcrrobin, 1983), and 

for treatment of atopic eczema (Biagi et al., 1988). 

GLA is found in evening primrose, black currant (Traitler et al., 1984) and 

borage (Wolf et al., 1983), as well as in fungi (Shimizu et al., 1988). However, 

large scale cultivation of these fungi is not yet feasible and the GLA content in 

plants is either low (8-12%), or is accompanied with other fatty acids (e.g., 18:4) 

of undesired properties from which separation could be very expensive in a 

large scale. The cyanobacteria Spirulina was shown to be an alternative source 

of GLA (Nichols & Wood, 1968). Spirulinais commercially cultivated in a large 

scale, primarily as a health food. It contains in addition to GLA, also several 

other pigments of economic interest. Phycocyanin, a blue proteinaceous 

pigment, which constitutes up to 25% of the algal dry weight (Tel-Or et al., 

1980), was introduced in Japan as a natural coloring agent for feed and 

cosmetics and is produced at a rate of 600 Kg/month. Phycocyanin purification 

by treatment with active carbon was recently described by Herrera et al. (1989). 

The alga also contains zeaxanthin, a xanthophylic pigment which was shown 

to be effective in enhancing fish and shrimp pigmentation (Mori et al., 1987). 

By choice of strains and environmental conditions, it was possible to 

increase the content of GLA in Spirulinato 31.7% of fatty acids and 1.4% of dry 

weight (Cohen et al., 1987). Still, in order to reach economical viability, the GLA 

content of Spirulinamust be further significantly enhanced. There are several 

physiological means for increasing oil content in eukaryotic algae such as 

nitrogen or silicon starvation, or holding cells in the stationary phase of growth 
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for extended period of time. However, none of these methods were effective with 

cyanobacteria. Recently, we (Cohen et al., 92) have isolated herbicide-resistant 

lines of Spirulinawhich demonstrated GLA overproduction. 

Pharmaceutical applications will probably require preparations of 

considerably higher concentrations of GLA. The most efficient method for 

purification of polyunsaturated fatty acids (PUFA) is the formation of urea 

inclusion complexes which enabled the preparation of a GLA concentrate from 

blackcurrant seed oil (Traitler et al., 1988) and eicosapentaenoic acid 

concentrates from cod liver oil (Haagsma et at., 1982) or Porphyridiun oil 

(Cohen & Cohen, 1991). In this report, we describe methods for enhancing the 

fatty acid and GLA content in Spirulina and an outline for separation and 

purification of GLA and other valuable chemicals from this biomass. 

Materials and methods 

Cyanobacteriaand cultivation 

Spirulinaplatensis 2340 was obtained from the University of Texas Culture 

Collection. Strain BP was isolated from a local pond in Ban Pong, Thailand. 

Both strains were cultivated on Zarrouk's medium at 30 0C as previously 

described (Cohen et al., 1987). Stock cultures were maintained and inocula 

transferred according to Vonshak (1986). Growth rate was estimated by 

chlorophyll measurement. 

Analytical and Chemical Methods 

Lipid transmethylation. 

Freeze-dried samples of Spirulinabiomass (100 mg) were treated with 2 mL of 

methanol-acetyl chloride (95:5) as previously described (Cohen & Cohen, 1991). 

Heptadecanoic acid was added as an internal standard and the mixture was 
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sealed in a light-protected Teflon-lincd vial under an Ar atmosphere and 

heated to 80 oC for 1 hr. The ,,ial contents were then cooled, diluted with 1 mL 

water and extracted with 1 mL of hexane containing 0.01% butylated 

hydroxytoluene (BHT). The hexane layer was dried over Na 2SO4, evaporated to 

dryness ad redissolved in hexane. 

Fatty acid analysis 

Gas chromatographic analysis was performed on a Supelcowax 10 fused silica 

capillary column (30 m x 0.32 mm) at 200 oC (FID, injector and flame ionization 

detector temperatures 230 oC, split ratio 1:100) and integrated with an HP 3396A 

integrator. Fatty acid methyl esters were identified by co-chromatography with 

authentic standards (Sigma Co.) and by calculation of the equivalent chain 

length (ECL). Fatty acid contents were determined by comparing their peak 

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

values (with a range of less then 5% for major peaks and 10% for minor peaks) 

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

Lipid fractionation 

Freeze dried samples of biomass were extracted with chloroform-methanol

water (2:1:0.8) eccording to Bligh and Dyer (1959). Separatior into neutral lipid, 

galactolipid (GL) and phospholipid (PL) classes was achieved by using silica gel 

cartridges (Sep-pak, Waters division of Millipore, Milford Mass). The 

individual classes were successively eluted with chloroform, acetone and 

methanol, respectively. 

Urea inclusion complexes formation 

One g of fatty acid methyl esters (FAME) wa': dissolved in 10 mL methanol 

containing 4 g urea (E. Merck, Darmstadt, Germany) by heating to 65 oC until 

clear. The urea and the urea inclusion complexes were allowed to crystallize at 
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room temperature and then were refrigerated overnight at 4 OC and then at -15 
OC. The mother liquor was separated by vacuum filtration and was extracted 

vith 3 mL methylene chloride, 6 mL water and 3 mL concentrated hydrochloric 

acid. The lower phase was separated and the aqueous layer was reextracted 

with methylene chloride. The combined extracts were evaporated to dryness 

and dissolved in methanol. 

Results 

Effect of cell concentration 

During batch cultivation of Spirulinacultures we observed an increase in the 

fatty acid content concomitant to the increase in cell concentration. Thus, the 

fatty acid content of S. platensis2340 increased daily from 3.5 to 6.9% (%of dry 

weight) after 7 days (Fig. 1) while in a daily diluted culture, the fatty acid 

content did not change significantly and ranged from 3.5 to 3.7% (Fig. 1). The 

fatty acid composition changed concurrently, resulting in a decrease in the 

proportion of GLA (%of fatty acids) from 22.9 to 16.1% (Fig. 1) and an increase 

in that of 18:2 and 16:0 (data not shown). Nevertheless, the total GLA content 

increased from 0.81 to 1.12%. In another experiment, Spirulinacultures were 

kept for 4 days at various chlorophyll concentration by daily dilutions to the 

original cell concentration . Once again, denser cultures had higher fatty acid 

contents. At a relatively low cell concentration (4 ng Chlorophyll L -1) the fatty 

acid content was 3.6, increasing to 5.2% in the densest culture (19 mg Chl. L-1 ) 

(Table 1). With increasing cell density, the proportion of GLA slightly declined 

resulting in an overall increase in GLA content from 0.86 to 1.09% (Table 1). 

Cultivation at higher biomass densities resulted also in an enhanced 

phycocyanin content which increased from 10.4% at 4 mg chl. L-1 to 22.4% at 19 

mg chl. L-1 (Table 1). The fatty acid as well as the GLA contents of the wild type 
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strain BP and its GLA-overproducing variant Z19 were similarly affected by 

even small changes in cell concentration (Fig. 2). 

GLA purification 

Spirulinabiomass was extracted and the resulting lipids were fractionated by 
selective washes on silica gel cartridges to three major fractions: neutral lipid 

(NL), galactolipids (GL) and phospholipids (PL). Most of the GLA (92%) was 

restricted to the GL fraction. The separation of this fraction resulted in an 

increase in the GLA content from 21.5 to 39.0% (Tble 2). The GL fraction was 

converted into fatty acid methyl esters (FAME) by transmethylation and treated 

with urea in methanol. By formation of the urea inclusion complexes, virtually 

all the saturated and monounsaturated fatty acids were effectively removed, 

increasing the GLA content from 39.0 to 90.5% (Table 3). A similar treatment of 

the total fatty acids also increased the GLA content but only to 79.7% (Table 3). 

Discussion 

Increasing the cell concentration under either batch or semi-continuous 

growth conditions resulted in enhanced fatty acid and therefore GLA contents. 

However, the effect of the increase in the fatty acid content on the GLA content 

was partly negated by a slight decrease in the GLA proportion (Table 1). GLA 

was primarily concentrated in polar lipids and especially in GLs (92% of total 

GLA), while neutral lipids contained only very low proportions of cellular GLA 
(1.5%). The decrease in the proportion of GLA may indicate a larger proportion 

of NL in newly synthesized lipids than in preexisting lipids. However, this 

increase was not exclusively made of NL since the overall increase in GLA 

content indicates a net increase in GLs. At higher cell concentrations, the 

culture already reached the stationary phase and the increase in fatty acid 

content apparently resulted primarily from an increase in NLs, hence the 

decrease in both the proportion and the content of GLA. These results are in 
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keeping with earlier findings demonstrating an increase of fatty acids and
 

GLA contents of various Spirulina strains cultivated under lower light
 

intensities (Cohen et a/., 1987). This effect could be related to the re,',action in
 

growth rate at higher cell densities o: low light intensities, or could directly
 

evolve from the effect of light intensity on cell biochemistry. However, reduction
 

of the growth rate by increasing the salinity ( ) did not enhance the fatty acid
 

content which remained unaffected at low salinities (0.1-0.75 g L- 1) and even
 

decreased at high salinities (1.5 g L-1 and beynnd) (data not shown). The cell
 

concentration-dependent increase in fatty acid and GLA contents could be
 

demonstrated in both the wild type strain BP and its GLA-overproducing 

variant Z19. Thus, it seems that the combination of two methods w':. have 

developed for increasing GLA content, namely, the use of GLA-overproducers 

and cultivation at higher cell concentrations, could be employed for a further 

enhance of the GLA contents in Spirulina. 

Increasing the cell density also resulted in higher chlorophyll and 

phycocyanin contents. The latter more then doubled, from 10.4 under a high 

dilution rate to 22.4% under a low dilution rate (Table 1). Thus, the increase in 

cell density resulted in an increase in the content of the two major products of 

Spirulina, GLA and phycocyanin. However, since maximal biomass 

productivity will be obtained at lower cell densities, optimal productivities of 

these products will probably be reached at some intermediate value. 

While saturated and monounsaturated fatty acids could be efficiently 

removed by the formation of urea adducts, it is the PUFAs 16:3 and 18:2 that are 

more difficult to eliminate. Therefore, in order to concentrate and separate 

GLA from other PUFAs, a preliminary fractionation step of the oil was 

undertaken. Fractionation of the Spirulinaoil yielded a fraction (GL) which 

contained the lion share of GLA. Moreover, virtually all the 16:3 and most of the 

18:2 were restricted to the NL and PL fractions respectively. Indeed, the GLA 

41 

http:0.1-0.75
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content of the GL fraction increased to 90.5% following the urea treatment, 

while a similar treatment of the total lipids resulted in only 79.7% GLA (Table 

3). 

The silica gel fractionation process achieved yet another goal, i.e., the 

separation of the zeaxanthin containing xanthophylls. which were were found 
in the NL fraction. Since very little GLA was present in the NL fraction and the 

bulk of it was restricted to the GL, the fractionation enabled the practical 

separation of GLA and zoaxanthin. For obtaining high purity GLA, the GL 
fraction can be isolated by an acetone wash. For higher yield, the last step can 

be replaced with a methanol wash, resulting in elution of the GL and PL 

fractions together which comprised 93% of cellular GLA. Extraction of the 

third valuable product, phycocyanin, should however take precedence in order 

to avoid its denaturing by contact with organic solvents. An outline for an all 

inclusive extraction scheme of the valuable products in Spirulina is described 

in Scheme 1. 

The high cost of production of Spirulina and the low content of GLA 

prevented it so far from becoming a source of the latter. However, we believe 

that a concerted extraction of GLA, phycocyanin and xanthophylls, concurrent 

with a further decrease in the cost of production will contribute to the 

emergence of an economically viable process. 
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Legend:
 

Figure 1. Effect of cell concentration on fatty acid content in Spirulinacultures.
 

Fatty acid content was determined in batch cultures (0) and in cultures
 

subjected to daily dilution (m). 
 Cell density in batch cultures (0) is expressed 

as Chlorophyll concentration (mg/L). In the daily diluted culture the Chlorophyll 

concentration was kept at about 2 mg/L. 

Figure 2. Fatty acid and GLA contents of daily diluted cultures ofSpirulinaBP 

(m) and Z19 (A) at various chlorophyll concentrations. 

Scheme 1. Outline for extraction and separation ofvaluable products from 

Spirulinabiomass. 
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Table 1. Effect of cell concentration on fatty acids, chlorophyll and phycocyanin
 

content in S. platensisBP.
 

GLA Chlorophyll Phycocyanin 

Cell conc.a Fatty acids % of fatty % dry wt (% dry wt)
(% dry wt) acids 

4 3.6 24.0 0.86 0.92 10.4 

8 4.2 23.3 0.98 1.02 12.0 

13 4.7 22.0 1.03 1.33 18.7 

19 5.2 21.0 1.09 1.44 22.4
 

a Cell concentration expressed in mg chlorophyll L- 1.
 

Table 2. Fatty acid composition of lipid fractions of S. platensis2340. 

Fatty acid composition 

(% of total fatty acids) 

Fraction 14:0 16:0 16:1 16:3 18:0 18:1 18:2 18:3 %a 

Total lipids 1.1 39.8 7.0 0.7 1.0 2.7 25.9 21.5 

Neutral lipidsb 13.6 25.7 30.8 16.1 10.9 6.6 4.5 5.5 1.5 

Galactolipidsc 0.2 38.4 8.5 0.4 0.5 1.6 11.6 39.0 92.0 

Phospholipidsd 0.7 43.3 4.3 0.5 1.0 4.2 37.2 8.6 6.5 

a Percent of total GLA in given fraction; b Fraction eluted with chloroform; 

c Fraction eluted with acetone; d Fraction eluted with methanol. 



Table 3. GLA concentration by lipid fractionation and urea adduct formation of S. 

platensis2340 oil. 

Fatty acid composition 

(%of total fatly acids) 

Fraction 14:0 16:0 16:1 16:3 18:0 18:1 18:2 18:3 

Total lipid extract (TL) 1.1 39.8 7.0 0.7 1.0 2.7 25.9 21.5 

Galactolipids fraction (GL) 0.2 38.4 8.5 0.4 0.5 1.6 11.6 39.0 

TL after urea treatmenta - 0.2 0.1 1.8 - 0.2 180 79.7 

GL after urea treatmenta - 0.2 0.2 1.0 - 0.1 8.0 90.5 

a Fatty acids ,nethyl esters resulting from transmethylation and urea treatment 

of the corresponding lipid. 
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