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INTRODUCTION 

In spite of the economic importance of plant fats and oils, 

very little is known about the mechanism and physiological aspects of 

fat biosynthesis. The literature contains many references about the 

mechanism of fatty acid biosynthesis, but most of this work has been 

concerned with animals and microorganisms. 

It has been known for many years that fats are produced in 

vegetable seeds from carbohydrate material (1), while glycerol is 

derivable from triosephosphoric acid produced from hexoses. The 

synthesis of fatty acids was suggested to depend on the conversion of 

hexoses to C£ or C3 units. Such C2 units might undergo a series of 

aldol-condensations to yield intermediate products which by simultaneous 

dehydration and reduction could lead to straight chain, even-numbered, 

saturated fatty acids (2). 

The saturated fatty acids are but a minor feature in the whole 

range of seed fats, and it is the unsaturated acids of the C18 series 

which are common in nature. It has been noticed (3) that a given type 

of seed, such as linseed, yields oil of a more unsaturated character 

when grown in a comparatively cold locality yet the amount of saturated 

acids remains relatively constant. Therefore, it has been suggested 

that unsaturated fatty acids may be produced by an entirely different 

mechanism from that by which the saturated acids are synthesized. Also, 

1 
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the less saturated acids appear to be formed from the higher unsaturated 

ones or their precursors. 

Many compounds have been shown to be precursors for long-chain 

fatty acids, both in animals and plants. Gibble and Kurtz (20) studied 

the synthesis of long-chain fatty acids from acetate in flax (Linum 

usitatissimum). They showed that developing flax fruits utilize C^-l-

acetate in vitro to synthesize long-chain fatty acids. The greatest 

radioactivity was found in the odd-numbered carbon atoms of each fatty 

acid. Such results confirmed the theory that, in higher plants, long-

chain fatty acids are formed by multiple condensation of acetate or its 

derivative. 

The incorporation of radiocarbon into fatty acids by slices of 

cotyledons from both developing and germinating peanuts incubated with 

different labeled substrates has been studied (4). Both C^-l-acetate 

and C^-2-acetate were most effective followed by glucose and fructose. 

Several substrates have been reported to be good precursors for 

the biosynthesis of fatty acids. Stadtman and Barker (5) showed that 

when ethanol and acetate are incubated together with a cell-free extract 

of Clostridium kluyveri under anaerobic conditions, longer fatty acids 

were formed. Ethanol was shown to be converted into acetyl-phosphate. 

Stumpf and Barker (6) have shown that subcellular particles from 

the mesocarp of avocado fruits incorporate C^-acetate into esterified 

long-chain fatty acids; ATP^-, CoA, and Mn"^" are essential components of 

^"For definitions of abbreviations used in this thesis, see the 
appendix. 
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the system. 

Popjak and Tietz (7) reported that a soluble enzyme prepared by 

a high-speed centrifugal fractionation of an homogenate from mammary 

glands of lactating rats makes short and long-chain fatty acids. 

Neither mitochondria nor microsomes of the mammary gland homogenates 

were required for fatty acid synthesis. The activity of the soluble 

supernatant was greater than that of the full homogenate. In the 

soluble preparation, ATP alone was sufficient to activate synthesis 

from acetate, and the requirement for ATP was absolute. Fatty acid 

synthesis was markedly stimulated in the presence of ATP by oxalacetate 

and alpha-ketoglutaric acid. Malonate also had a strong stimulatory 

effect upon the synthesis, and a combination of malonate and alpha-

ketoglutaric acid gave a 30-fold increase in the amount of C^-l-acetate 

incorporated into fatty acids. The soluble enzyme isolated from the 

mammary gland of lactating rats was shown (8) to contain about 50 mg 

of CoA/ml and was capable of activating acetate for the formation of 

acetyl-CoA. The amount of acetate converted into fatty acids by this 

system in the presence of alpha-ketoglutaric acid and malonate, especially 

when the preparation was fortified with CoA and DPN, exceeded by a factor 

of about ten the amount of acetate converted into fatty acids by slices 

of the mammary gland under similar conditions. The fact that alpha-

ketoglutarate and malonate stimulated fatty acid synthesis from acetate, 

but not the formation of acetyl-CoA, indicates that the action of these 

two substances on fatty acid synthesis must be sought in the utilization 

of acetyl-CoA. The stimulatory effect of DPN on fatty acid synthesis 
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by the soluble enzyme system is explained on the basis that DPNH is 

generated through the action of alpha-ketoglutaric dehydrogenase and 

acts as a hydrogen-donor for the reduction of some of the intermediates 

of fatty acid synthesis. 

Besides the cofactors mentioned previously, bicarbonate has been 

reported from many laboratories to be required for fatty acid synthesis 

in both animals and plants. Gibson e£ al. (9) have shown that in a 

highly purified enzyme system from avian liver there is an absolute 

requirement of bicarbonate for the formation of palmitic acid from 

acetyl-CoA in the presence of CoA, ATP, and TPNH. The radioactive 

bicarbonate is not incorporated into long-chain fatty acids (10, 11). 

Hence, it cannot be considered as a substrate for fatty acid synthesis. 

In a higher plant, Squires et, ill. (12) have demonstrated that the 

synthesis of fatty acids from acetate by a soluble enzyme extract 

prepared from avocado particles required ATP, TPNH, KHCO3, MgCl2, and 

CoA. A considerable increase in the amount of synthesis has been noted 

at higher bicarbonate concentrations. No labeled bicarbonate was in

corporated into either the volatile or long-chain fatty acids. 

Concerning the mechanism of fatty acid synthesis, several 

compounds have been proposed as intermediates both in animals and plants. 

Wakil (13) has reported that a malonic acid derivative is an inter

mediate in fatty acid synthesis. Such an intermediate arises from the 

carboxylation of acetyl-CoA and it was identified as malonyl-CoA. The 

synthesis of a long-chain fatty acid (palmitate) from acetyl-CoA in the 

presence of ATP, Mn1"*", bicarbonate and TPNH, is catalyzed by two enzyme 
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fractions (R^GC and R2GC) derived from avian liver (14, 15). Malonyl-

CoA was demonstrated to be the first intermediate, and its synthesis is 

catalyzed by a biotin-containing enzyme of fraction R^GC in the presence 

of ATP and Mn*"*". It was also shown that malonyl-CoA can be readily 

converted to long-chain fatty acids in the presence of the enzyme 

fraction R2GC and TPNH. 

These observations suggested the following mechanism of fatty 

acid synthesis (15): 

CH3-CO-C0A + C02 + ATP containing u ^ HOOC-CH2-CO-COA 
RlGC 

CH3-CO-C0A + HOOC-CH2-CO-C0A ^^^R9GC _ 

CH3-COCH (COOH) -CO-CoA 

CH3-CHOH-CH (COOH) -CO-CoA ____^20_--

CH3-CH=C (COOH) -CO-CoA __^rPNH__^ 

CH3-CH2-CH (COOH)-CO-CoA > C02 + CH3-CH2-CO-CoA 

The fact that a malonic acid derivative is an intermediate in 

fatty acid synthesis has been previously demonstrated by Rothberg and 

Steinberg (16) . They showed that the fixation of C^02 by a liver 

preparation was dependent upon supplemental ATP and MgCl2 and was markedly 

enhanced by the addition of acetyl-CoA. The intermediate was identified 

by paper chromatography as a malonic acid derivative. The observation 

that acetaldehyde is a better precursor for fatty acid synthesis than 

acetate, and that the addition of malonate causes a markedly increased 

synthesis, has suggested (17) that the formation of fatty acids might 

also occur by condensation of aldehyde with the activated methylene group 

of malonyl-CoA. When malonyl-CoA was incubated with aldehyde, Mn"^, and 
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an enzyme fraction from pigeon liver, the synthesis of a long-chain acyl-

derivative of CoA could be readily detected. If the initial reaction for 

fatty acid synthesis is a condensation between acetaldehyde and malonyl-

CoA, it would follow that acetyl-CoA must be reduced to the level of the 

aldehyde prior to the condensation. The mechanism of fatty acid synthe

sis would thus occur by successive condensations of aldehyde with 

malonyl-CoA in the presence of Mn"*^" ions. The aldehyde would be produced 

in the presence of TPNH. The products of the condensation reaction would 

be a p-hydroxy derivative of CoA which would be dehydrated and reduced 

with a second molecule of TPNH. 

Biotin has recently been shown to be required for fat synthesis 

in plants. It has been suggested (18) that biotin is involved directly 

or indirectly in the metabolism of certain fatty acids, particularly 

oleic acid. Biotin stimulates the incorporation of acetate into lipids 

of developing flax fruits (19, 20) and embryos (21, 22) cultured in 

vitro. Biotin is involved in the synthesis of specific fatty acids in 

flax, and the addition of it to the culture results in the synthesis of 

at least two unsaturated fatty acids, linoleic and linolenic (22). The 

concentration of biotin in the embryos rapidly increases to a maximum 

at the time of most rapid fatty acid synthesis (23). 

Although the requirement for biotin in fat synthesis has been 

established, the actual mechanism of action is not well known. Lichstein 

(24) reported the presence of bound biotin in a purified preparation of 

oxalacetic carboxylase, and pointed out that this vitamin is intimately 

associated as a catalyst in the reversible fixation of carbon dioxide. 
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Similar work (25) has shown that biotin is required for the oxalacetate 

decarboxylase activity of Azobacter vinelandii, which is one of the 

gateway enzymes for the fixation of CO2 into compounds of the citric 

acid cycle. Recent work (15) with animals showed that a biotin-bound 

protein in one of the purified enzyme fractions is required for the 

carboxylation of acetyl-CoA. It seems clear, therefore, that one role 

of biotin in fatty acid synthesis is in the carboxylation of acetyl-CoA. 

The literature contains very little information about the role 

of light in fat synthesis in plants, although it is involved in the 

synthesis of many products in plants. It has been shown that light is 

required for fatty acid synthesis. This was discovered first by Kurtz 

(19), and later work has confirmed this finding (20, 21, 22, 23). 

Light has been reported (26) to be an essential factor for the 

synthesis of anthocyanin in corn endosperm. When grown in the dark, 

the tissue is virtually colorless. Such tissue shows visible signs of 

pigmentation after exposure to light for six hours. It has been 

suggested that precursors are produced in the dark which require a 

photochemical reaction in order to be transformed into anthocyanin. 

Siegelman and Hendricks (27) demonstrated that the red pigment of 

apples requires light for its formation and is localized in the area 

most exposed to the sun. The photocontrol of anthocyanin formation has 

two distinct radiation-dependent phases. The first phase is an induction 

period of about 20 hours during which no anthocyanin is formed. In the 

second phase the anthocyanin concentration is a linear function of time 

of irradiation at constant intensity. The action spectra for the two 
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o 
phases were similar in the region of 6,000 to 7,000 A. The photo

receptor is probably a flavoprotein. The radiation is strikingly 

effective in controlling metabolism in the apple skin (28). It is 

necessary for anthocyanin formation and strongly inhibits alcohol form

ation. Oxygen consumption is also inhibited in light. It has been 

found that alcohol production by pieces of apple skin in the light is 

reduced to 107» of the value in the dark. The production of alcohol and 

aldehyde is reduced in the light to 15% of the dark. The oxygen uptake 

is reduced to about one-half, and CO2 production is also reduced. 

The formation of anthocyanin in turnip and red cabbage was 

shown to be dependent upon the light intensity at constant energy (29). 

The maximum rate of synthesis was demonstrated to occur at 125 ft.-c. 

after exposure for S hours. 

Apparently the role of red light in plant metabolism is of 

fundamental importance. That is, the light reaction that controls 

germination of certain seeds, photoperiodic control of flower formation, 

and numerous other growth responses is the same (30, 31, 39). In all of 

these responses the photo-effect of red light may be reversed by far-red 

o 
light (7,300 A). It is very possible that red and far-red light may 

also participate in fat synthesis. 

Further, the effect of light upon CO2 evolution by different 

plant tissues has been studied by several workers. Weigl e£ a_l. (32) 

12 14 
placed barley plants in a mixture of C O2 and C O2 and followed changes 

of these two gases in both light and darkness. Upon illumination they 

14 
observed a decrease in the specific activity of C O2 around the plant. 
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They concluded that the mean rate of respiratory CO2 evolution in strong 

light is less than that in the dark. Nielsen (33) permitted Chlorella 

cells to carry on photosynthesis for two hours in the presence of 

and then placed them in darkness for 1.5 hours. At the end of this time 

the culture was divided into two samples. One sample was placed in 

light, the other in darkness, and CC>2 production from each sample was 

measured for five hours. It was found that light suppressed production 

of C^02 to a value about one-third of that in the darkness. Similar 

light suppression of was observed by Nielsen in Myriophylum. Such 

results could be explained, as proposed by Nielsen, as due to either the 

suppressing effect of light on CO2 production or to the partial reutil-

ization of the respired CO2 in photosynthesis. According to Wiegl 

et al. (32), recent products of photosynthesis are transformed during 

illumination into some substances which are not available as respiratory 

substrates in light, although they are available in darkness. It has 

been reported (34) that CC>2 output from detached leaves of Kalanehoe and 

pea was reduced by illumination, whereas in wheat CO2 production was 

enhanced. 

The studies reviewed here do not provide experimental evidence 

concerning the mechanism of the role of light in fatty acid synthesis, 

but they do indicate that the synthesis in plant tissues of many compounds, 

including fats, depends upon light action. In order to conduct this 

study of the role of light upon the synthesis of lipids and the rate of 

evolution, an in vitro culture system was required which would 

provide maximum utilization of labeled substrates for fatty acid synthesis. 
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Further, it was necessary to carry on the study under different light 

intensities and light qualities in order to demonstrate the light 

intensity and quality needed for maximum rate of incorporation of sub

strates into lipids. Also, the effect of darkness on the utilization 

of substrate was studied. 

It was essential for this work to use different cofactors such 

as ATP, TPNH, DPNH, biotin and CoA, both under light and darkness in 

order to find which one of these separately, or in combination, can be 

a partial or complete substitute for light. 

Specific inhibitors of metabolism, such as malonic acid and 

2,4-dinitrophenol, have been used to gain insight into the mechanism 

of fatty acid synthesis in light and darkness. 



METHOD 

1. The in vitro Culture System. 

In the system used by Kurtz (19) the flax fruits were approx

imately 14 days old, the culture medium was at a pH of 6.5 and contained 

mineral salts, potassium acetate (non-radioactive, 5,880 mg/1), sucrose 

(20 g/1), and biotin (5 pg/1), and the cultures were maintained under 

light (700 to 800 ft.-c.) at 28.5° C. Although incorporation of acetate 

into fat was demonstrated by this system, the results were not always 

reproducible. Therefore, this culture system was modified later by 

Gibble and Kurtz (20) so that exogenous acetate would consistently be 

incorporated into fatty acids. The age of flax (variety Punjab 47) 

fruits to be cultured was standardized by tagging the peduncle of each 

flower with a small piece of colored Scotch tape at the time of flower

ing. In this way fruits of exactly the same age in days could be 

harvested and cultured. Fruits were harvested by cutting the peduncle 

with a razor about 1 cm below the fruits and immediately placing them 

in cold distilled water. It was observed by these workers that in the 

course of developing their culture system, a large percentage of fruits 

always became submerged in the solution during the culture period. 

Therefore, it was necessary to study the effect of infiltration of fruits 

and aeration of the culture solution. Aeration of the culture solution 

markedly stimulated fat synthesis. Since the infiltrated fruits ceased 

11 
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to synthesize fat, the fruits were prevented from becoming submerged by 

dipping them in molten paraffin prior to placing them in culture solution. 

Recent work (22) showed that flax embryos were more effective 

than whole fruits for the incorporation of labeled acetate into lipids. 

This method has been used in the present study. Following this method, 

the fruits were harvested and the embryos were extruded immediately onto 

a glass funnel fitted with a filter paper and rinsed with distilled 

water several times. A specific number of the embryos was selected at 

random and transferred to a petri dish enclosed in a metabolic chamber 

containing the substrate and 0.1M KH2PO4 - l^HPO^ buffer, pH 6.0. 

The size of the embryos has been taken as a metabolic index of 

their physiological age rather than their age in days (35). That is, 

the size of the embryos and their age in days are not comparable due to 

environmental effects upon the physiological age of these embryos. The 

size of the embryos was measured by mounting a number of embryos, 

selected at random, on a slide in glycerin jelly, and measuring the 

length and the width of each cotyledon by means of a micrometer mounted 

in a microscope; 

length (mm) x width (mm) x 2 = mm^ area of the embryos 

When the number of embryos per culture was less than 100, the 

culture medium (1 ml) and embryos were contained in 1-inch diameter 

stainless steel planchets with three layers of filter paper. 

When the number of embryos exceeded 100, the cultures were placed 

in 60-cm diameter petri dishes, each containing one layer of filter 

paper. Each planchet, or petri dish, was enclosed in a 90-cm diameter, 
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deep petri dish. 

These chambers were then placed in a controlled light intensity 

and temperature box at 18 £ 1° C. The source of light was white cool 

daylight fluorescent tubes except for far-red light as explained later. 

The concentrations of substrates, cofactors, and inhibitors used will 

be given for each experiment. 

2. Light Studies. 

A. Light intensity. Samples of the embryos were kept in a 

chamber at 18 + 1° C at various light intensities using cool white 

fluorescent tubes as a source of light. Different light intensities 

were obtained by laying one or more layers of cheesecloth over each 

culture dish. The light intensities were measured with a Weston No. 603 

photometer. 

B. Light quality. White light was obtained from cool white 

fluorescent tubes. Red light was obtained from cool white fluorescent 

tubes with two layers of DuPont No. 300 PC Red cellophane as a filter 

(30). Far-red light was obtained by filtering the light from a 100-

watt Mazda bulb through two layers each of red and blue (DuPont No. 300 

PC dark blue) cellophane. Other samples were kept under dark conditions 

in coffee cans. Temperature under all conditions was controlled. 

Studies on the photo-reversible effect of alternating light 

conditions necessitated use of two controlled environment chambers. 

Transfer of cultures from one chamber to the other was done rapidly and 

did not take longer than 20 seconds. 
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3. Effect of Inhibitors. 

The embryos were treated with different concentrations of malonic 

acid as a specific competitive inhibitor of succinic dehydrogenase. The 

effect of a specific uncoupler of phosphorylation, DNP, also was studied. 

4. Cofactors. 

The cofactors used included biotin (Nutritional Biochemicals), 

CoA (Pabst Laboratories), ATP (Pabst Laboratories), TPNH (California 

Corporation for Biochemical Research), and DPNH (California Corporation 

for Biochemical Research). 

5. Determination of the Specific Activity of Lipids. 

After each culture period the embryos were mashed in petroleum 

ether (density 0.67 to 0.69) and refluxed for 4 to 6 hours. The petroleum 

ether extracts were washed five times with 10 ml 107= NaHC03 in order to 

remove unincorporated acetate from the lipid fraction. The washed 

extracts were made to 100 ml with petroleum ether, and 1 ml of each was 

transferred to a metal planchet, 1 inch in diameter, and dried under 

infra-red light. 

The total activity was determined using a windowless flow counter 

(Tracerlab Model SC-16). The specific activity of the samples was 

calculated from the total activity and total weight of lipid. 

6. Determination of the Specific Activity of C^02. 

In each metabolic chamber, 5 ml of 0.1 N NaOH (carbonate-free) 

was used to trap the evolved carbon dioxide. Two ml of 4 M NH^Cl and 

1 ml of 1 M BaCl2 were added to the NaOH solution at the end of the 

culture period. The precipitated BaCO-j was centrifuged and washed twice 
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14 
with distilled water and recentrifuged. The BaC O3 was mounted in 

metal planchets, dried under infra-red light, and the specific activity 

was determined as described for lipids. Self-absorption of samples of 

14 
BaCO^ weighing over 15 mg was avoided by using a small sample of BaC 03 

from the original sample and mounted on planchet. In some cases self-

absorption was corrected for by reference to a standard curve for thick-

o 
ness (mg/cm ) and observable specific activity (36). 

The kinetic study of CC>2 evolution was accomplished by trapping 

the CC>2 in a centrifuge tube at constant bubbling rate of air through 

the metabolic chamber. 

7. Chromatography of Fatty Acids and Organic Acids. 

A. Fatty Acids (37). 

Saponification Procedure: The fatty acid extract was 

saponified for 2 hours with 25 ml of 257. KOH dissolved in 90% methanol. 

The methanol and petroleum ether were then removed by evaporation at 

room temperature under reduced pressure. When all the alcohol and 

petroleum ether were removed, 10 ml of distilled water was added and 

the mixture allowed to stand at room temperature for 12 hours to insure 

complete saponification. 

The unsaponifiable materials were extracted with two 20-ml 

portions of diethyl ether. The aqueous layer was removed by use of a 

separatory funnel and made slightly acid with concentrated HCl as tested 

with litmus paper. The acidified solution was cooled and the free fatty 

acids were extracted twice with 20-ml and 10-ml portions of diethyl 

ether. Then the ether extracts were combined and dried over MgSO^ for 
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2 hours, filtered, and aliquots were taken for chromatographic analysis. 

Preparation of Paper Strips: Whatman No. 1 paper strips, 1 inch 

in width, were washed individually by dipping in the following sequence 

of solvents: One time in 3 L of 10% HCl, five times in separate 1-liter 

portions of 957„ ethanol, three times in separate 1-liter portions of 

acetone, and one time in 1 L petroleum ether (density 0.64). The 

washed strips were air-dried and stored until used. 

Impregnation of Paper Strips: Paraffin oil (C-5572, Central 

Scientific Company) was used as the stationary phase. A solution of 

90 g paraffin oil in 1 L of petroleum ether (density 0.67 to 0.69) was 

prepared. The washed paper strips were impregnated individually by 

dipping the paper strips into the solution. The strips were air-dried 

and used within 24 hours. 

Ten, 15 and 25 pi of the free fatty acid extract were spotted 

on strips 30 cm long. After they were air-dried, the strips were placed 

on racks in a chromatographic chamber previously saturated with the 

vapor from 1 L 907„ acetic acid saturated with paraffin oil. After the 

chamber and the strips were saturated with solvent vapor, which takes 

12 to 24 hours, the developing solvent (907* acetic acid saturated with 

paraffin oil) was poured into the trough and the chromatograms were 

developed by ascending chromatography at room temperature for 16 to 48 

hours (usually 16 to 20 hours). 

Detection of Spots: The racks containing the chromatograms were 

removed from the chamber, the solvent fronts were marked, and the strips 

air-dried at room temperature. The racks and chromatograms were placed 

for 1 minute in a shallow tray containing 107= lead acetate in water. 
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The racks and strips were washed with water three times or more until 

the rinse water showed no trace of lead ions when tested with dilute 

HC1. The rack and strips were air-dried, and the strips were removed 

from the rack and dried in an oven at 100° C. for one hour. The strips 

were then placed in an l^S-chamber for 15 to 30 seconds. The fatty 

acids appeared as light or dark brown spots. They faded upon standing, 

so they were marked with a pencil immediately. 

B. Organic Acids (38). After the mashed embryos had been 

extracted with petroleum ether, they were extracted with 957= ethanol. 

The petroleum ether extract was washed five times with 10-ml portions 

of 10% NaHCOg as described under item number 5. These bicarbonate 

washings and the ethanol extract were combined and concentrated. 

Ten, 15 and 25 jil of the concentrated solution were chromato-

graphed. The organic acids were separated as anions on Whatman No. 1-

paper using an alkaline developing solvent composed of ethanol-water-

concentrated ammonium hydroxide (8-1-1, V/V) . 

8. Determination of Radioactivity of Chromatograms. 

The radioactivity of the chromatograms of fatty acids and organic 

acids was determined by cutting the chromatograms into 2-cm strips, 

mounting each strip in a metal planchet, and counting in the windowless 

flow counter. 

9. Interpretation of Results. 

Replicate samples of material usually had weights or specific 

activities that varied less than 107.. In interpreting the experimental 

data, if treatments did not have weights or specific activities differ

ing more than 207», they were not considered real. 



EXPERIMENTAL AND RESULTS 

A most unique feature of flax embryos has been the finding (19) 

that light is required for maximum rate of incorporation of acetate 

into fats. This fact has been reconfirmed (Table 1). But light not 

only stimulates fat synthesis, but also inhibits the conversion of 

acetate into CC>2 (Table 2). The effect of light and dark on CC>2 

evolution and fat synthesis is most marked if the embryos are at the 

physiological age when rapid synthesis is initiated. In the early ages 

there is not much effect of light on CO2 evolution and incorporation of 

acetate into lipids. Maximum CC>2 evolution occurs when incorporation of 

acetate into lipids is most rapid, either in the light or dark. 

Two kinetic studies have shown that over 90% of the radioactive 

CC>2 that is evolved appears within the first 6 to 8 hours of culture of 

embryos at all physiological ages, both in light and dark (Table 3). 

But CC>2 evolution does not cease after 6 to 8 hours of culture. For 

example, embryos of 16 days of age evolved in the light 19% of the total 

CO2 during the lafit half of culture, but only 1.2% of the was 

evolved during this period. Sixteen-day embryos cultured in the dark 

evolved 17% of the total CO2.during the last half of culture, but only 

2%, of the C^02 was evolved during this period. It appears, therefore, 

that the exogenous supply of acetate is utilized in metabolic processes 

other than respiration after 6 to 8 hours of culture, whereas endogenous 



Age 

day! 

10 

11 

13 

14 

16 

18 

10 

11 

13 

14 

16 

18 

19 

Effect of light, dark, and embryo age on the incorporation of 

carboxyl-labeled acetate into lipids of flax. White light was 

270 ft.-c.; 300 mg Na-acetate-l-C1^ (lmc/nM) /I; each culture 

contained 110 embryos; culture duration 24 hours. Results 

from duplicate cultures are shown. 

Embryo 

Area 

Weight Lipids 
Specific 

Ac tivi ty 

of Lipids 

D a r k  

__2 mm mg cpm/mg 

5.0 18; 20 16; 20 

5.5 21; 20 20; 20 

9.3 23; 24 95; 100 

10.0 26; 25 2,800; 2,920 

13.7 29; 30 3,000; 3,151 

14.1 31; 32 400; 509 

L i g h t  

5.0 20; 23 18 21 

5.5 23; 25 60 57 

9.3 29; 28 350 403 

10.0 31; 30 2,800 2,752 

13.7 34; 35 18,000 19,310 

14.1 34; 36 1,700 2,120 



Age 

day! 

10 

11 

13 

14 

16 

18 

10 

11 

13 

14 

16 

18 

20 

Effect of light, dark, and embryo age on the conversion of 

carboxyl-labeled acetate into CO2. White light 270 ft.-c.; 

300 mg Na-acetate-l-C^ (1 mc/nM) /I; each culture contained 

110 embryos; culture duration 24 hours. Results from 

duplicate cultures are shown. 

Specific 

Embryo Weight BaCO^ Activity 

Area of BaCO^ 

D a r k  

2 mm mg cpm/mg 

5.0 89; 85 6; 7 

5.5 98; 94 8; 9 

9.3 103;101 U; 12 

10.0 

O
 

00 CO 

24; 22 

13.7 " 79; 81 126; 128 

14.1 70; 73 33; 33 

L i g h t  

5.0 

5.5 

9.3 

10.0 

13.7 

14.1 

75; 79 

87; 90 

94; 89 

80; 84 

68; 71 

61; 58 

5 

7 

10 

15 

38 

8 



Table 3. Kinetic study of CC>2 evolution in the light and dark. Na-acetate-l-C was 1 mc/nM and 200 mg/1; 

light intensity 270 ft.-c.; each culture contained 80 embryos; culture duration 16 hours. Results 

of duplicate cultures are shown. 

Treat Embryo Embryo BaCO^ Culture Period, hours 

ment Age Area 
0 to 2 2 to 4 4 to p 6 6 to 8 8 to 16 

days m_2 mm 

Dark 12 6.6 mg 23; 21 39; 28 30; 33 30; 30 28; 26 

cpra/mg 17; 20 57; 64 93; 100 21; 23 2; 2 

14 8.3 mg 25; 27 32; 30 30; 29 27; 30 31; 30 

cpm/mg 49; 52 103; 119 115; 123 38; 40 9; 8 

16 13.2 mg 31; 30 40; 36 41; 37 31; 27 29; 30 

cpm/mg 300; 287 193; 205 210; 191 38; 34 14; 15 

18 13.9 mg 30; 32 38; 41 40; 42 24; 26 21; 26 

cpm/mg 98; 103 112; 99 96; 100 19; 21 10; 10 

Light 12 6.6 mg 19; 16 20; 19 23; 20 21; 18 24; 21 

cpm/mg 18; 22 59; 47 71; 64 3; 5 0; 0 

14 8.3 mg 22; 19 22; 21 22; 23 24; 22 26; 25 

cpm/mg 24; 29 63; 70 82; 77 3; 3 i; 2 

16 13.2 mg 25; 22 28; 30 27; 30 28; 26 26; 21 

cpm/mg 57; 50 90; 89 90; 93 15; 11 3; 2 

18 13.9 mg 27; 30 28; 26 29; 26 23; 24 17; 20 

cpm/mg 29; 33 73; 76 80; 74 4; 6 0; 0 
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substrates continue to be respired throughout the culture period. 

The effect of light intensity on the synthesis of fats and 

CC>2 evolution is shown in Table 4. The maximum rate of fat synthesis 

from labeled acetate was achieved at an intensity of 200 ft.-c., beyond 

which the specific activity of lipids decreased, probably because the 

chlorophyll in the embryos is bleached at these intensities. Contrary 

to the effect of light intensity on fat synthesis, the maximum rate of 

CO2 evolution occurred at the lowest light intensity. 

The incorporation of radioacetate into lipids is most effective 

in red and blue light (Table 5). While the effect of yellow light is 

similar to the effect of darkness, green light inhibits fat synthesis. 

As shown previously, utilization of radioacetate in respiration was 

lowest in white light, but all the separate light qualities used 

affected CO2 evolution similar to dark. This result cannot be explained 

at the present. 

In another study, red and blue light again stimulated fat 

synthesis, but in this case they inhibited conversion of acetate into 

CO2 (Table 6). These results suggest that photosynthetic phosphorylation 

may play an important role in fat synthesis in flax embryos. 

Because red and far-red light are known to regulate many growth 

responses, the finding that red and far-red light also affect the util

ization of acetate for fat synthesis is of great significance (Table 7). 

It is of particular interest that both red and far-red light have an 

inductive effect; only one hour of either wave length range was 

sufficient to induce a change in fat synthesis during the whole culture 
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Table 4. Effect of light intensity on CO2 evolution and fat synthesis 

by flax embryos. Embryos 16 days old and 14 mm^ in area, 120 

embryos/culture; Na-acetate-l-C-'-^ was 1 mc/tnM and 600 mg/1; 

culture duration, 16 hours; light from cool day light fluor

escent tubes. Biotin concentration was 5 pg/1. Results of 

duplicate experiments are shown. 

Light BaCO-j Lipids 

Intensity 

Weight Specific Activity Weight Specific Activity 

ft.-c. mg cpm/mg mg cpm/mg 

0 31; 33 10,240; 9,788 20; 22 1,250; 1,220 

8 29; 30 9,117; 9,343 21; 20 1,700; 1,639 

18 24; 27 7,300; 6,984 20; 22 2,550; 2,640 

40 21; 23 6,205; 6,463 22; 21 3,850; 3,900 

100 21; 19 4,250; 4,310 23; 20 5,750; 5,490 

200 20; 20 3,413; 3,625 21; 21 14,100; 13,790 

270 16; 18 3,010; 2,938 20; 21 7,050; 7,210 
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Table 5. Effect of light quality on incorporation of acetate into 

lipids of flax embryos cultured Ija vitro. Na-acetate-l-C^ 

(1 mc/nM) was 500 mg/l; biotin 10 pg/1; light intensity 

50 ft.-c. for all light qualities; temperature 20° C.; each 

culture contained 50 embryos that were 15 days old and 12.8 

mm^ in area; culture duration 20 hours. The results shown 

below are from a single experiment. 

Light 

Quality 

CO2 (as BaC03) 

Weight Specific 

Activity 

Lipids 

Weight Specific 

Activity 

mg cpm/mg mg cpm/mg 

White 

light 25 733 25 6,600 

dark 36 1,809 15 4,300 

blue 26 1,772 15 9,500 

green 27 1,631 12 2,700 

yellow 27 1,668 16 4,700 

red 25 1,587 16 5,950 
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Table 6. Effect of light quality on the incorporation of acetate into 

fats and conversion into CO2 by flax embryos; embryos 16 days 

old and 14 mm in area; culture duration 16 hours. Na-acetate-

1-C^ was 500 mg/1 and (1 mc/nM) , biotin 10 pg/1. Results of 

two experiments are shown. 

Treat

ment 

BaCOi 

Weight Specific 

Activity 

Lipids 

Weight Specific 

Activity 

dark 

white light, 

270 ft.-c. 

red, 

110 ft.-c. 

blue, 

100 ft.-c. 

mg 

53; 59 

26; 29 

35; 31 

37; 39 

cpm/mg 

800; 800 

188; 191 

310; 330 

370; 400 

rag 

22; 19 

cpm/mg 

4,210; 4,131 

37; 34 33,000; 31,500 

30; 32 10,000; 11,200 

28; 30 8,500; 9,105 
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Table 7. Effect of darkness and red and far-red light on the utiliza

tion of acetate for fat synthesis by flax embryos. Na-

acetate-l-C^ was 300 mg/1 and 1 mc/nM; biotin 10 pg/1; 

white light, 200 ft.-c.; red light, 120 ft.-c.; far-red 

light, 10 ft.-c.; culture duration 24 hours; 110 embryos/ 

culture. Results of two experiments are shown. 

Treatment 
Lipids 

Weight Specific Activity 

continuous 

dark 

continuous white 

light 

1 hour white light, 

then 23 hours dark 

1 hour red, then 

23 hours dark 

1 hour far-red, 

then 23 hours dark 

1 hour red, then 

1 hour far-red, then 

22 hours dark 

1 hour far-red, 1 

hour red, then 22 

hours dark 

mg 

24; 25 

35; 37 

28; 30 

26; 28 

25; 25 

20; 21 

22; 20 

cpm/mg 

4,950; 5,150 

22,000; 21,870 

15,550; 15,000 

13,300; 13,870 

2,050; 1,899 

12,800; 12,375 

9,300; 8,955 



period of 24 hours. The effect of either quality of light was partly 

reversible by the other quality of light after a period of one hour of 

irradiation. Further, such an inductive effect of red and far-red 

light is even more pronounced if one follows the utilization of labeled 

acetate in respiration (Table 8). It appears that the effect of red 

light on the respiration and utilization of acetate for C0£ production 

can be completely reversed by far-red light. This effect of far-red 

light cannot be reversed by red light for the rest of the culture 

duration. 

The utilization of different C^-labeled substrates for fat 

synthesis and respiration was studied (Table 9). At the concentration 

used, 1,000 mg/1, C^-l-acetate was the best followed by C^-2-acetate, 

whereas C^-2-malonate was very inhibitory to fat synthesis and CO2 

evolution. However, when a low concentration of malonic acid was used, 

it was an effective precursor for fat synthesis (Table 10). The malonic 

acid was also utilized as a respiratory substrate, as evidenced by the 

radioactivity of the evolved C02* 

The inhibitory effect of non-labeled malonic acid upon the rate 

of respiration and incorporation of radioacetate into lipids was studied 

using different concentrations of malonic acid. The inhibition was 

followed in both light and dark (Table 11). It appears that malonic 

acid at low concentrations of 10 ^ and 10 M is not inhibitory when the 

culture is maintained in light. However, these same concentrations 

cause 30 to 607« inhibition in the dark. This suggests that in the dark 

the embryos are entirely dependent upon respiration to supply metabolic 
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Table 8. Effect of alternating light (red or far-red) and dark periods 

on the utilization of acetate for fat synthesis and respir

ation in flax embryos. Each period of light or darkness was 

1.5 hours; red light, 115 ft.-c.; far-red light, 7 ft.-c.; 

carbon dioxide evolution (as BaCC^) was measured during each 

light or dark period; the final specific activity of fat was 

also determined; Na-acetate-l-C^ was 1 mc/nM and 300 mg/1; 

biotin, 10 pg/1. The results of two experiments are shown. 

The first culture contained 90 embryos, 15 days old, 13.4mm^ 

in area; the second culture contained 100 embryos, 16 days 

old, 13.9 inm^ in area. 

BaCO^ Lipids 

Treat

ment 
Weight Specific Weight Specific 

Activity Activity 

mg cpm/mg mg cpm/mg 

red, 12; 15 376 410 

dark, 16; 15 1,170 1,098 

red, 15; 17 1,075 978 

dark, 18; 20 2,318 2,875 

red. 20; 19 85 215 14; 16 7 ,286; 8,835 

red, 13; 14 385 373 

far-red, 10; 9 2 38 

red, 8; 11 3 7 
far-red, 12; 13 0 2 
red. 16; 15 0 0 17; 18 6 ,000; 7,120 
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Table 9. The utilization of acetate-l-C , acetate-2-C , and 

malonate-2-C for fat synthesis and respiration by flax 

embryos. Embryos 17 days old and 14.1 mm^ in area; 50 

embryos/culture; substrates all 1 mc/mM and 1,000 mg/1; 

white light, 200 ft.-c.; culture duration 16 hours. The 

results of two experiments are shown. 

BaCO-: 

Substrate 

Lipids 

Weight Specific 

Activity 

Weight Specific 

Activity 

Na-Acetate-l-C 

Na-Acetate-2-C 

14 

14 

Na-Malonate-2-C 14 

mg 

41; 38 

34; 37 

35; 33 

cpm/mg 

410; 439 

217; 243 

27; 24 

mg 

22; 25 

19; 21 

17; 19 

cpm/mg 

5,850; 6,050 

3,280; 3,000 

29; 32 
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Table 10. The utilization by flax embryos of malonic-2-C^ for lipid 

synthesis and respiration (CO2 evolution). Light, 230 ft.-c.; 

Na-malonic-2-C^ was 1 mc/nM and 75 mg/l; biotin, 10 /Jg/1; 

embryos 16 days old, 13.4 mm^ in area and 100 embryos/culture; 

culture duration, 24 hours. The results of two experiments 

are shown. 

BaCOg Lipids 

Weight Specific Weight Specific 

Activity Activity 

mg cpm/mg mg cpm/mg 

31 206 24 6,400 

33 193 27 5,806 
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Table 11. Effect of non-labeled malonic acid on the respiration (CO2 

evolution) and incorporation into fats of acetate-l.-C^ by 

flax embryos cultured in vitro. Embryos 16 days old, 13.5 

mm2 in area, and 100/culture; white light 270 ft.-c.; Na-

acetate-l-C^ was 1 mc/ncM and 300 mg/1; biotin 8 pg/1; 

culture duration 24 hours. Results of. two experiments are 

shown. 

BaCO-a Lipids 
Malonic 

Acid Weight Specific Weight Specific Inhibition 

Activity Activity 

D a r k  

M mg c pm/mg rag cpm/mg % 

0 49; 51 1,450 1,532 30; 32 1,800; 1,758 0 

-6 
10 50; 47 1,212 1,270 31; 28 1,335; 1,289 28 

10 5 44; 46 578 690 26; 25 680; 600 66 

10"4 39; 37 117 131 21; 24 295; 310 80 

10"3 40; 40 52 47 22; 20 117; 98 90 

10 "2 28; 31 18 24 19; 17 59; 64 100 

L i g  1 t 

0 32; 29 385 410 38; 41 12,188; 11,894 0 

10'6 34; 30 379 400 38; 43 11,965; 11,630 2.2 

10 "5 30; 27 288 315 31; 34 9,895; 9,700 18 

10 "4 32; 34 227 235 28; 30 5,280; 4,855 59 

10 "3 25; 27 200 187 24; 27 4,364; 4,518 61 

h-
' 
O
 I N>
 

23; 25 84 71 20; 22 2,275; 2,189 80 
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energy for fat synthesis, whereas in the light some energy may be trapped 

by»photochemical reactions. 

A similar conclusion may be drawn from the results of experi

ments in which the specific uncoupler of phosphorylation, 2,4-dinitro-

phenol, was added to the culture system (Table 12). At a low concentra

tion (10"®M) it appears that DNP enhances CO2 evolution in both the light 

and dark. Higher concentrations cause a decrease of the specific 

activity of both CO2 and lipids in the dark and light, but a given con

centration of DNP is relatively more effective as an inhibitor in the 

dark. 

We have stated previously that biotin is an absolute requirement 

for fatty acid synthesis by flax embryos, and this conclusion has been 

reconfirmed (Table 13). The addition of biotin to the culture system 

has a marked effect on fat synthesis from acetate in the light, but has 

little, if any, effect when added to cultures maintained in the dark. 

On the other hand, biotin greatly enhances the conversion of acetate to 

CO2 in the dark, but in the light, when the utilization of acetate is 

directed mostly towards fat synthesis, biotin has a small effect on the 

conversion of acetate to CC^. 

Of the cofactors supplied the cultures, only biotin, ATP, and 

DPNH were effective in increasing the rate of incorporation of acetate 

into lipids and the utilization of acetate in respiration (Tables 14, 

15). A combination of biotin and ATP increases incorporation of acetate 

into fats in the dark to the level of synthesis that occurs in light 

without addition of either cofactor (Table 16). 

While TPNH and CoA show no effect either in the light or dark 
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Table 12. Effect of 2,4-dinitrophenol (DNP) on the respiration and 

incorporation into fats of acetate-l-C1^ in flax embryos 

cultured in vitro. Embryos 16 days old, 13.3 mm^ in area; 

100 embryos/culture; light intensity 270 ft.-c.; Na-acetate-

1-C^ was 1 mc/mM and 300 mg/1; biotin 8 pg/1; culture 

duration 24 hours. The results of two experiments are shown. 

BaC03 Lipids 

Weight Specific Weight Specific Inhibition 

Activity Activity 

D a r k  

M mg cpm/mg mg cpm/mg 7o 

0 53; 51 987; 1,125 30; 32 1,250; 1,325 0 

10"8 59; 57 1,280; 1,300 33; 30 956; 1,000 25 

10"7 48; 45 673; 715 29; 31 200; 214 84 

10"6 40; 37 211; 189 32; 30 140; 156 88 

10"5 35; 39 112; 124 27; 23 25; 11 98 

10"^ 30; 32 9; 14 19; 21 0; 4 100 

L i g h t 

0 43; 40 230; 253 39; 40 10,500; 10,850 0 

O
 I CO
 

48; 45 285; 300 36; 36 8,950; 8,712 18 

10"7 50; 48 310; 295 31; 34 5,900; 6,327 44 

10'6 31; 35 178; 185 38; 40 2,800; 3,100 73 

10"5 28; 30 31; 27 33; 35 800; 736 92 

10"4 22; 20 5; 7 30; 28 175; 151 98 



34 

Table 13. Effect of biotin on the utilization of flax embryos of 

acetate-l-C^ in the light and dark. Light intensity 

200 ft.-c.; Na-acetate-l-C^ was 1 mc/raM and 300 mg/1; 

biotin, 10 pg/1; embryos 15 days old, 13.2 mm^ in area, 

and 120/culture; culture duration 24 hours. The results 

of two experiments are shown. 

Biotin BaCOi 

Weight Specific 

Activity 

Weight 

D a r k  

Lipids 

Specific 

Activity 

mg 

68; 64 

41; 39 

cpm/mg 

580; 600 

3,200; 3,650 

mg 

29; 31 

33; 30 

cpm/mg 

587; 614 

680; 731 

L i g h t  

68; 64 120; 131 34; 30 8,000; 7,580 

32; 37 300; 284 41; 43 38,000; 39,100 
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Table 14. Effect of ATP, CoA, TPNH, and biotin on the utilization by 

flax embryos of acetate-l-C in the light and dark. Light 

intensity 200 ft.-c.; Na-acetate-l-C^ was 1 mc/ntl and 220° 

mg/1; biotin 6 pg/1; CoA 10-8M; TPNH 10_8M; ATP 3x10"%; 

embryos 17 days old, 14.1 mm^ in area, 120/culture; culture 

duration 24 hours. 

BaC03 Lipids 

Additives 
Weight Specific Weight Specific 

Activity Activity 

D a r k  

mg cpm/mg mg cpm/mg 

none 53 2,600 23 1,123 

biotin 36 3,170 20 1,380 

biotin, CoA 27 3,281 22 1,448 

biotin, CoA, ATP 26 5,407 17 3,453 

biotin, CoA, ATP, TPNH 17 3,935 20 968 

L i g h t  

none 43 1,400 24 4,608 

biotin 38 1,548 21 7,511 

biotin, CoA 35 1,457 25 4,582 

biotin, CoA, ATP 32 3,464 25 10,517 

biotin, CoA, ATP, TPNH 18 2,214 27 3,417 
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Table 15. Effect of TPNH, ATP, and biotin upon the utilization of 

acetate-l-C by flax embryos cultured in vitro in light 

and dark. Light intensity 200 ft.-c.; Na-acetate-l-C^ 

was 1 mc/nM and 300 mg/l; biotin 10 pg/1; embryos 15 days 

old, 13.1 mm^ in area, and 110/culture; culture duration 

11 hours; TPNH 10-8 M; ATP 3xl0"8 M. 

BaC03 Lipids 
Treatment 

Weight Specific Weight Specific 
Activity Activity 

mg cpm/mg mg cpm/mg 

light, biotin 25 958 29 12,580 

dark, biotin 33 1,840 24 3,210 

dark, biotin, TPNH 26 2,175 26 2,965 

dark, biotin, ATP 28 3,456 28 7,344 

dark, biotin, TPNH, ATP 22 2,430 24 2,827 
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Table 16. Effect of ATP and biotin on the utilization of acetate-1-

° ° C1* by flax embryos cultured in vitro in light and dark. 

Light intensity 240 ft.-c.; Na-acetate-l-C^ was 1 mc/mM 

and 250 mg/1: biotin 10 pg/1; ATP 3x10"® M; embryos 16 days 

old, 13.8 mm^ in area, and 100/culture; culture duration 

24 hours. 

Lipids 

Treatment Additives Weight Specific 

Activity 

mg cpm/mg 

dark none 24 680 

biotin 26 720 

ATP 26 810 

ATP, biotin 29 2,380 

light none 32 2,815 

biotin 30 5,730 

ATP 33 8,640 

ATP, biotin 30 10,460 



on fat synthesis, they increase slightly the specific activity of the 

evolved CO2 in light and dark (Tables 14, 15). Furthermore, the addition 

of ATP to cultures, in the presence of 10"^ M malonate, reversed the 

inhibitory effect of malonate both in light and dark as shown in 

Table 17. Table 15 shows that biotin and ATP also increase the util

ization of acetate for CO2 production in the dark. 

The addition of DPNH to cultures maintained in light also 

enhanced the utilization of acetate for fat synthesis and CC>2 production 

(Table 18). Apparently, in flax embryos DPNH is used to reduce the 

intermediates in fatty acid synthesis. In other systems reported in 

the literature, TPNH is the effective cofactor. 

As shown in Table 4, maximum fat synthesis occurs at a light 

intensity of about 200 ft.-c. In the presence of ATP, the system becomes 

light saturated at a lower intensity than in the absence of ATP, this 

intensity being between 50 and 100 ft.-c. (Table 19). This again 

suggests that much of the light required by the system is used in photo-

synthetic phosphorylation. 

Light not only stimulates incorporation of labeled acetate into 

lipids, but also affects the synthesis of ratty acids different from 

those produced by cultures maintained in the dark. Linoleic and lino-

lenic acid are of higher radioactivity in the light, whereas palmitic and 

oleic acid are low compared to those in the dark (Table 20). These 

results agree with those obtained previously by Kurtz and Miramon (40). 

Previously, we have shown that light inhibits CO2 evolution (Tables 1 

and 3), and results presented in Table 20 indicate that metabolic organic 
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Table 17. Effect of non-labeled malonate on the respiration (CO2 

production) and incorporation into fats of acetate-l-C 

in flax embryos cultured Iji vitro; embryos 16 days old, 

13.5 mm in area, and 100/culture; white light intensity 

270 ft.-c.; Na-acetate-l-C^ was 1 rac/mM and 300 mg/1; 

biotin 8 fig/i; malonic acid 10"^ M; ATP, 2x10"® M; culture 

duration 24 hours. Results of two experiments are shown. 

Treatment Additives BaC03 

Weight Specific 

Activity 

Lipids 

Weight Specific 

Activity 

dark malonate 

malonate + ATP 

mg cpm/mg mg cpm/mg 

28; 31 18; 24 19; 17 59; 64 

30; 26 20; 19 20; 24 732; 684 

light malonate 23; 25 84; 71 20; 22 2,275; 2,189 

malonate + ATP 25; 22 101; 93 22; 24 6,485; 6,644 
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Table 18. Effect of DPNH upon the utilization of acetate-l-C by flax 

embryos cultured in vitro in the light. Light intensity 200 

° ft.-c.; Na-acetate-l-C-1-^ was 1 mc/nM and 150 mg/1; biotin 

10 pg/1; embryos 16 days old, 13.4 mm^ in area; and 90/ 

culture; culture duration 24 hours. Results of two experi

ments are shown. 

Additive BaCO-; Lipids 

Weight Specific 

Activity 

Weight Specific 
Activity 

mg :pm/mg mg cpm/mg 

none 38; 35 393; 405 28; 30 4,200; 4,535 

DPNH 36; 39 1,167; 1,205 34; 31 10,850; 11,200 
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Table 19. Effect of ATP on the utilization of acetate-l-C by flax 

embryos at different light intensities. Na-acetate-l-C^ 

was 1 mc/oM and 300 mg/1; biotin 10 pg/1; embryos 16 days 

old, 13.4 mm in area, and 100/culture; culture duration 

24 hours. ATP 3x10"® M. 

Light Light + Biotin Light + Biotin + ATP 

Intensity : 

Weight 

Lipid 

Specific 

Activity 

Lipids 

Weight 

Lipid 

Specific 

Activity 

Lipids 

ft.-c. mg cpm/mg rag cpm/mg 

5 20 2,950 23 6,878 

20 22 3,210 20 7,121 

50 20 6,755 24 10,390 

100 24 9,324 21 10,897 

200 22 11,831 26 7,558 

300 19 5,389 20 4,889 
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Table 20. Chromatographic study of fatty acids and organic acids formed 

in flax embryos cultured in vitro in light (200 ft.-c.) and 

darkness. Na-acetate-l-C^ was 1,000 mg/1 and 2 mc/mM; 

biotin 5 pg/1; embryos 15 days old, 13 mm^ in area, and 300/ 

culture; culture duration 20 hours; known organic acids and 

fatty acids were chromatographed on separate strips with the 

samples, and the Rf values were compared.* 

Rf Range Radioactivity of Radioactivity of 

Fatty Acids Organic Acids 

Dark Light Dark Light 

cpm cpm 

Front 

0.0 - 0.08 2,683 3,848 300 723 

0.08 - 0.15 435 300 216 513 

0.15 - 0.23 673 266 353 1,116 

0.23 - 0.31 915 188 470 10,719 

0.31 - 0.38 890 310 1,294 16,333 

0.38 - 0.46 1,000 570 3,060 10,405 

0.46 - 0.54 1,700 980 6,973 7,106 

0.54 - 0.62 733 2,388 4,783 4,600 

0.62 - 0.70 820 1,900 5,402 3,083 

0.70 - 0.77 910 1,200 3,431 1,390 

0.77 - 0.85 580 890 1,450 200 

0.85 - 0.92 250 1,450 216 0 
0.92 - 1.00 192 1,780 0 0 

* Rf values of known fatty acids were: stearic, 0.25; palmitic, 

0.4; oleic, 0.48; linoleic, 0.65; linolenic, 0.87. 

Rf values of known organic acids were: citric, 0.08; oxalic, 

0.17; fumaric, 0.24; malic, 0.31; succinic, 0.39; acetic, 0.53. 
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acids (malic, citric, succinic and fumaric) are at least twice as 

radioactive in the light as in the dark. This suggests that light 

inhibits some enzymic decarboxylation or dehydrogenation of such organic 

acids rather than blocking acetate utilization and conversion to these 

organic acids. 



DISCUSSION 

The effect of light upon the incorporation of labeled acetate 

into lipids and the evolution of CO2 is of considerable interest. 

Light not only stimulates fat synthesis in flax embryos, but also 

inhibits the conversion of the exogenous labeled acetate into CO2. 

The finding that light suppresses CO2 evolution is in accord with 

Weigl et. a_l. (32), Nielsen (33) and Krotkov (34). Radioactive metabolic 

organic acids arise from the labeled acetate supplied flax embryos in 

cultures, but since the activity of the metabolic organic acids is at 

least twice as much in cultures maintained in the light as in the dark, 

the mechanism of the inhibition of CO2 evolution in the light must be 

concerned with the catabolism of organic acids rather than the conver

sion of acetate to organic acids. 

The results indicate that the conversion of labeled acetate to 

compounds other than fatty acids leads to substrates such as organic 

acids which are not metabolically active under light conditions. Such 

compounds are largely not avilable for respiration in cultures main

tained in light though they are available in the dark. 

It is well known that the mechanisms which govern metabolic rates 

are not constant, but vary with the physiological state of the cell as 

well as with the environmental changes and the supply of specific 

reactants. Further, cells possess mechanisms which adjust metabolic 
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activities to changing needs. Therefore, the cultures that were main

tained in the dark showed a complete dependence upon catabolic activity 

and respiration in order to drive synthetic processes such as fatty 

acid synthesis. The requirement for energy derived from the conversion 

of labeled acetate into CO2 by embryos maintained in the dark might 

explain the higher rate of CO2 evolution in the dark than in light. 

On the other hand, in the light CO2 production is low and the 

incorporation of labeled acetate into lipids is at a maximum, which 

suggests that light is a source of energy which promotes synthesis. 

Possibly the energy is trapped via photosynthetic phosphorylation. Such 

a conclusion is based upon several observations: 1, ATP increases in

corporation of acetate into fats in the dark to the level of synthesis 

that occurs in the light without added ATP: 2, DNP causes 50% inhibi

tion of CO2 evolution and fat synthesis in the dark at a 10 to 100-

fold lower concentration than is needed for 50% inhibition in the light; 

3, in the presence of ATP the system becomes light saturated at a lower 

intensity than in the absence of ATP. 

It can be stated that the metabolic fate of acetate at one of 

the branching points of metabolism is decided by the presence of 

special cofactors. The addition of TPNH as well as CoA to cultures has 

a slight, if any, inhibitory effect upon the utilization of labeled 

acetate into lipids, both in darkness and light. DPNH, however, en

hanced the incorporation of acetate into lipids and also increased the 

conversion of acetate into CO2 in cultures maintained under light condi

tions. Thus, in addition to the generation of ATP, light may act via 
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photosynthesis to generate DPNH which could be used for the numerous 

hydrogenations necessary for the synthesis of long-chain fatty acids. 

The addition of DPNH increased both the catabolism of acetate and its 

incorporation into fats under light conditions two to three-fold. This 

would suggest that cultures in the light are deficient in DPNH and ATP. 

Therefore, light, DPNH and ATP combined have a great effect upon the 

utilization of labeled acetate in fat synthesis and C0£ evolution in 

flax embryos. It would be of interest to study the combined effect of 

such factors with cultures maintained in the dark upon the utilization 

of labeled acetate. It is very probable that the combination of DPNH, 

ATP, and biotin in the proper concentrations may substitute for the 

high intensity light required for the utilization of exogenous labeled 

acetate in fat synthesis and CC^ evolution. It is proposed that light 

not only generates the metabolic power through photosynthetic phosphory

lation, but also furnishes a supply of DPNH that is required for the 

promotion of fat synthesis from acetate. 

It has been shown that maximum fat synthesis occurs at a light 

intensity between 200 and 300 ft.-c., and that the light intensity 

required for maximum fat synthesis shifted to about 50 ft.-c. upon the 

addition of ATP. This observation suggests that at high light inten

sities metabolic power is generated and thus ATP can be substituted for 

the high light intensity reaction required for maximum incorporation of 

acetate into lipids. 

The fact that ATP is required in the dark for maximum utiliza

tion of acetate for fat synthesis and CO2 evolution suggests that this 



cofactor is in deficient supply in the dark in embryos. Thus, there was 

a considerable increase in the specific activity of the evolved CO2 as 

well as of the fat synthesized in the dark upon the addition of ATP. 

The addition of DPNH to the cultures maintained in the light also in

creased the specific activity of fat three-fold, which indicates that 

there is a need for reducing power even in the light. Further, the 

inhibitory effect of high concentrations of malonate upon the rate of 

labeled acetate incorporation into lipid is partly reversed by supplying 

ATP to the embryos. This effect is greater in the dark than in the 

light. This again suggests that cultures maintained in the dark derive 

energy for synthetic processes from metabolic activity. On the 

contrary, cultures kept under light conditions depend on oxidative 

phosphorylation on the one hand, and photosynthetic phosphorylation on 

the other hand, to supply energy for fat synthesis. 

The complete inhibitory effect of far-red light upon the con

version of labeled acetate into CO2 may be explained on the basis that 

either far-red counteracts the condensation of acetate with oxalacetic 

acid or inhibits the enzymic conversion of metabolic organic acids into 

co2. 

Also, the profound effect of both blue and red light upon fat 

synthesis might be explained by the fact that chlorophyll, which 

absorbs the light energy in photosynthetic phosphorylation, highly 

absorbs these two qualities of light. These results support the 

suggestion that light produces ATP and DPNH. 

Although much literature pertains to the role of malonic acid 



or its derivative in the biosynthesis of long-chain fatty acids in 

animals, there is not much evidence concerning higher plants. In the 

-A 14 
present study it was shown that when 6 x 10 M malonic acid-2-C was 

supplied to flax embryos in the absence of labeled acetate, both fat 

and CC>2 were highly radioactive. This result was achieved even though 

such a concentration of malonic acid is about 657„ inhibitory to fat 

synthesis. Thus it appears that exogenous malonic acid at low concen

trations can serve effectively as a substrate for fatty acid synthesis 

in flax embryos. Although malonate at such concentrations serves as a 

precursor of fats in flax embryos, it is not yet known whether malonate 

is an immediate precursor and is esterified directly or first breaks 

down to C2~units that can be esterified and carboxylated to yield 

malonyl-CoA as an intermediate. In either case, malonate enhances fat 

synthesis and CO2 evolution whether it is a precursor or an intermediate. 

The role of biotin in fatty acid synthesis is far from clear, 

although there is now considerable evidence that it is needed for the 

formation of malonyl-CoA from acetyl-CoA and CC^. It has been known for 

some time (19) that biotin stimulates the production of fat synthesis in 

flax fruits and that, in the absence of biotin, stearic and oleic acid are 

formed, and in its presence linoleic and linolenic acid are produced 

(22). Such results suggested to the workers (19, 22) that there may be 

more than one site of biotin action in fatty acid synthesis. The results 

of the present study showed that the sites of biotin action in the util

ization of acetate change under light and dark conditions. Whereas 

biotin is involved in CC^ production by embryos maintained in the dark, 
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it has little or no effect upon CO2 production in the light. Its role 

is just the reverse in fat synthesis in dark and light. It is probable 

that in the dark biotin functions in the decarboxylation of a compound 

derived from acetate. This unknown compound must not be an intermediate 

in fat synthesis. This accounts for the increased CC>2 evolution in the 

dark. On the contrary, biotin may be involved in the carboxylation 

processes of acetate into fat intermediates in the light. This accounts 

for the maximum incorporation of labeled acetate into lipids in the 

light. Furthermore, because of the high degree of unsaturation of 

fatty acids obtained in the light, biotin may be activated by light to 

act as a hydrogen acceptor in flax embryos, thus leading to highly 

unsaturated fatty acids, namely linoleic and linolenic. Therefore, it 

is proposed that biotin acts as a decarboxylating factor in the dark 

and carboxylating and dehydrogenating agent under light conditions. 

In summary, the utilization of labeled acetate, either for fat 

synthesis or conversion to CO2, requires ATP, DPNH, biotin and light 

(blue and red). It appears that the response to red light of the 

system that involves the respiration of acetate can be completely 

reversed by far-red light. This effect of red light on the utilization 

of acetate for fat synthesis cannot be reversed by far-red light after 

1.5 hours. The full significance of these findings is not understood, 

but it seems clear that red and far-red light of relatively low inten

sity can shift the use of acetate in metabolism one direction or another. 

It has been stated (41) that the metabolic fate of a metabolite 

(acetyl-CoA) at one of the branching points is decided by the supply of 



a special reactant. Furthermore, although the rate of many intermediary 

steps of metabolism depends mainly on the concentration of the sub

strates, this is not true for all steps. There are some reactions 

where the rates depend on factors other than the amounts of enzyme or 

substrates. These are the pacemakers of metabolism. They are the 

reactions which are evidently of special interest to the control of 

metabolism. Other reactions in intermediary metabolism also decide 

which substrate among a mixture is attached preferentially, whether 

carbohydrate, fatty acids, or amino acids serve as a source of energy. 

The branching stages, where more than one pathway can be entered 

by a metabolite, can be affected by such pacemaker reactions which 

depend entirely upon the supply of specific cofactors or reactants. 

Since light is responsible for the supply of specific cofactors, it is 

very probable that light controls a pacemaker reaction, and hence affects 

the entire rate of intermediary steps of metabolism in the flax embryo. 



SUMMARY 

1. By means of an iji vitro culture system for flax embryos, 

radioactive fatty acids were formed from C^-l-acetate, C^-2-acetate, 

and C^-2-malonate. 

2. At a concentration of malonic acid that inhibits fat syn

thesis 65%, malonate is incorporated rapidly and effectively into fatty 

acids, which indicates that it is probably an intermediate in fat syn

thesis in flax. 

3. Light and biotin are both required for maximum incorporation 

of acetate into lipids. 

4. White light suppresses the evolution of C-^C^ from carooxyl-

labeled acetate in flax embryos. 

5. The addition of ATP and biotin to embryos maintained in the 

dark increases the incorporation of carboxyl-labeled acetate into lipids 

to the same level as in the light without the addition of these cofactors. 

6. Red and far-red light of low intensities have an inductive 

effect on the utilization of acetate for fat synthesis. 

7. The addition of DPNH to cultures maintained in the light 

increases the incorporation of labeled acetate into lipids two to 

three-fold. 

8. Only blue and red light are effective in stimulating fat 

synthesis in flax embryos. 
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9. The results indicate that two roles of light in fat syn

thesis are to generate metabolic energy and reducing power by means of 

photosynthetic phosphorylation. Light also affects the type of the 

fatty acids formed, the more unsaturated acids being formed in light. 

This would suggest that light might activate biotin to act as a hydrogen 

acceptor. Furthermore, the depressing effect of white light on CC>2 

evolution and the accumulation of metabolic organic acids from labeled 

acetate, suggest that light might be concerned with the catabolism 

of organic acids rather than the conversion of acetate to such compounds. 

10. The fate of acetate in metabolism in flax embryos is con

trolled by a light reaction. Thus red and far-red light can shift the 

utilization of acetate to fat synthesis or respiration. 
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APPENDIX 

ABBREVIATIONS 

The following abbreviations are used in this thesis: 

ATP 

CoA 

DPN and DPNH 

TPN and TPNH 

Adenosine triphosphate 

Coenzyme A 

Diphosphopyridine nucleotide and 

reduced diphosphopyridine nucleotide 

Triphosphopyridine nucleotide and 

reduced triphosphopyridine nucleotide 

DNP 2,4-dinitrophenol 
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