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Abstmct-The e&ct of age, flowering and &o&en dehkncy on the fatty acid composition of lettuce leaves 
hasbeeninvestigated. Nitrogendelkiency inaeasestheratioofsaturaadtounsaturatedacidsaswellas 
deurahgthetotalamountprcscnt. Aeingshowsamoremarkedaffcctinthefl~shootswhetethe 
ol~~~~tainahiehgpropartionofsaturatedacidsbutloweroveralltotals. Squashleafdiscsshoweda 
higher hxporation of acetate&*4c into linolenate in the presexe of UDFG than in its absemx, in both 
normal and nitrogendekkt plants. UDPG-C was incorporated into two unidenti5cd lipid components 
in lettuce lea=. 8-w and actinomyciu-D, as expected, both inhibited acetak-1% incorporation 
into lipids in lettuce leaf. 

CrrLouo33.Asrs isolated from nitrogen-deficient or senescent leaf tissue may contain a reduced 
amount of unsaturated fatty acids,l especially linolenic acid, presumably because of a 
concomitant reduction in the amount of monogalactosyl diglyceridea2 This is often true 
for plastids isolated from squash leaves3 but not for plastids isolated from lettuce leaves of 
apparently non-flowering plants. The following studies were an attempt to determine some 
of the factors which at&t the accumulation of saturated and unsaturated fatty acids in 
intact leaf tissue. 

RESULTS AND DISCUSSION 

Relationship between Tissue Age and Fatty Acid Accumulation 

The fatty acids of lettuce leaves from plants grown on a complete mineral nutrient and 
from plants grown on a nitrogen-deficient, but otherwise complete, nutrient were determined. 
Leaves from both vegetative and flowering shoots were used for the analysis (Table 1). In 
general, there seemed to be little relationship between the ratio of saturated to unsaturated 
fatty acids and the age of the tissue from which the lipids were extracted, if the leaves were 
harvested from shoots which had not given rise to a definite flowering stalk. The lower ratio 
of saturates to unsaturates in the youngest nitrogendegcient leaf tissue is an exception to 
this. It is interesting that the youngest leaf tissue seems to have the highest percentage of 
linoleic acid (C18:2) 

Younger leaves of nitrogen-deficient flowering shoots and of the flowering shoots of 
plants grown on a complete nutrient had a lower ratio of saturated to unsaturated fatty acids 
than did older leaves. This is primarily due to the decreased percentage of palmitate (CM) 
and/or increased percentage of linolenate. The percentage of linoleate did not vary markedly 
with the age of the tissut+rclative position of the leaf on the flowering shoot (‘Table 1). 

+ Supported by Grant GB-2717 from The National Science Foundation, U.S. 
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TABLET. FATTYACIDCOMPOSITIONOFLEAVESFROMAPPARENTVEGETAT~VEAND 
FLQWERINC3SHOOTSOFLEl-KJCE 

Acid, mole % pmoles x 10 !zaturated/ 
Position , \ 4Oleaf unsaturated 

sampie on stalk Cl6 Cl8 C16:l Cl8:l Cl82 C18:3 discs material 
--- _ .-- - - 

Vegetative stalk 
Complete Mid 15.2 2.2 1.4 4.9 15.1 61.1 25.7 o-21 
Complete Top 18.2 :I: 1.2 ;:; 29.2 46.1 37.5 025 

1; Bottom Mid 29.3 28.4 4-l 4.2 3.6 7.8 19.6 15.8 37.7 * 21.6 178 048 048 
-N Top 21.7 2.4 1.8 4-7 27.4 Z.; 9.9 &32 

_--_---. 

Flowering stalk 

Complete Bottom 20.1 3.9 2.1 5.5 11.7 56.6 25.1 0.32 
Complete Mid 13.6 :a; * 0.9 2.2 1:.: * 72.0 48.3 0.18 

Complete Top 15.0 1.2 2.7 62.8 60.7 -N Bottom 39.2 3.4 - 3:; 142 39.5 24.9 x:: 
-N Lower-mid 27.1 2.0 - 11.6 56. I 36.5 o-41 
-N Upper-mid 25-O 
-N Top 18~2 

:I: 1.5 3-4 11.3 55.5 48.0 0.39 
3.1 2.3 12.1 60.3 56.4 0.29 

Some Factors which Infuence the Accumulation of Fatty Acids 

A be~lde~ng array of factors may influence or control the rate of fatty acid a~um~tio~, 
especially in the plastid. Two of the most obvious would be : (1) the capacity of the tissue to 
synthesize the substrate(s) and (2) the capacity to synthesize the enzymatic systems. Any 
change in one or both of these would most probably result in a change in the total accumula- 
tion of each fatty acid observed at any time. In an attempt to partially regulate the above- 
mentioned factors (1) UDP-glucose was provided to leaf tissue, since it has been observed 
previously that UDP-glucose may serve as a precursor for the synthesis of the g~a~olipids4 
and since previous work with isolated chloroplasts has demonstrated that UDP-glucose will 
enhance acetate incorporation into linolenate as compared to that into pahnitate and (2) 
greened leaf discs were incubated with Gazaguanine and actinomycin D, in addition to 
acetate-2-t4C, in an attempt to alter nucleic acid and protein synthesis. It has been demon- 
strated previously that actinomycin D inhibits greening of etiolated Ieaves 

(1) Squash leaf discs which were treated with UDP-glucose and allowed to react with 
acetate-2-14C in a sodium bicarbonate-phosphate buffer medium appeared to exhibit a 
higher incorporation into linolenate, as compared to that into palmitate, than did the non- 
treated leaf discs (Table 2). The specific activity of palmitate with respect to that of linolenate 
decreased with increased time of incubation with acetate-2-t4C. This was expected since, 
even though the most abundant fatty acid in the leaf is linolenate, linolenate is less actively 
labeled during a short period of incubation. 6 The results confirm those obtained using 
isolated chloroplasts from lettuce leaves. 3 The added UDP-glucose enhanced incorporation 
of acetate into linolenate, as compared to that into palmitate, in the nitrogen-deficient leaf 
discs as well as in the leaf discs from plants grown on a complete nutrient. The ratio of 
specific activity of palm&ate to that of linolenate was higher in the nitrogen-deficient tissue 

4 E. F. Nmx%t~ srnd C. W. m, B&&em. Biq&y~. Res. Co-. 14,503 (1964). 
5 L. Bosom and A. B. JACOIBWIN, Biohnz. Biophys. Res. Commtut. 14,113 (19&I). 
6 A. T. Jm, Biochim. BzbpJrys. Acru 70,9 (1963). 
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than in the tissue grown on complete nutrient, when incubated for a comparable period of 
time. 

Since the accumulation of the ‘rgalactolipids” in the chloroplast is dependent upon the 
immediate products of photosynthesis, then the amount of linolenate found is also dependent 
upon the capacity for photosynthesis. This is probably true s&e linolenic acid is the pre- 
dominant fatty acid of the plastid galactolipids and since little free linolenk acid seems to 
exist in the mature chloroplast. Consequently, the rate of linolenate synthesis appears to be 
infiueneed by the factors which aRet photosynthesis or the acoumulation of photosyntbate. 

(2) Leaf discs from plants grown on a complete nu~ent and from plants grown on a 
nitrogen-deficient nutrient were incubated for varying periods of time with UDP-gl~cose-~%. 
The total lipid extracts from these leaf discs were separated on thin layers of silica gel. Auto- 
radiograms were made in order to i&ntify the regions of the layers containing radioactive 
materials. The two-dimensional chromatograms contained only two radioactive spots, 
neither of which wasmono- or digalactosyl diglyceride (Fig. 1). Neufeld and Hal14foundeight 

TABtz2. 1~~~OP~P~LU~ONT~~~~~OFA~A~-2-~~~Cl8:l,Cl8:2, 
AND Cl 8 : 3 FATTY ACIDS AND INTQ LINOLENATE, AS COMPARED To THAT INTO PALMTAm, IN SQUASH 

LEAFDISCS. THE~N~~RPORAT~~NINT~~~-~~~C~~:~ ISAISOQIVDJ 

specific activity’ 
r- , 

Time UDP- d3 trms 
-ml@ treated ghcose C18:l Cl8:2 C18:3 C16/C18:3 C16: 1 

eompMe 3!r 
+ 20 04 145 2.6 
+ :: 

1: 
5.5 7.3 160 

30hr + 
2 

29.0 
3omiIl - 50 

;: 
4i.Z 

159.0 

shr 107 48 14.1 1:*x 
-N 3omin + 26 IO 63.5 2.2 

5br + 93 :: 17.0 2.0 
3omixl - 

iis 
1 0@2 219.0 1.4 

shr 51 0.5 30.4 7.5 

* CPM/m@nok. 

radioactive components after &in-layer chromatography. Samples of mono- and digalactosyl 
diglyceride, kindly supplied by Dr. M. Kates, were chromatographed in the same solvent 
systems. The radioactive materials were counted with a ~q~d-~ti~ation counter and the 
results are given in Table 3. Discs cut from leaves grown on a complete nutrient had a greater 
wpa&y, per unit leaf surface area, to incorporate the l“C of UDP-glucose-‘4C into these two 
liprd fractions. In each case the activity of the lipid fraction increased with increasing time of 
incubation. Mono_ and digalactosyl diglycerides contained a negligible amount of radio- 
a&&y. The nature of these two labeled substances and the significance of these in gala&- 
lipid synthesis are now being investigated. 

(3) previously greened lettuce leaf discs were incubated for varying Periods of time with 
solutions containing 8-azaguanine or actinomycin D, in addition to aWate-%14C, in order 
to alter the rate of aging. Increased concentrations of 8-~~~e caused a reduction in 
the incorporation of a.cetate-2-14C into lipid components of the plastid (Table 4). High 
concentrations of actinomycin D (30 and 90 pgjml) also caused a reduction of acetate 
incorporation into the ~pid-solub~ fraction of green leaf discs (Table 5). 
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Perhaps one of the most obvious indications of senescence in Angiosperms is yellowing 
of the leaves followed by separation of the leaf from the plant. The yellow condition reflects 
an alteration in the plastid membrane system. In turn, the condition of the plastid membrane 

TABLE 3. INC~RP~RATI~NOFRADI~ACTMTY 0P~~GLUcosE-1Y=INToLIpID-80LuBLEFRAcI10N 
OFLEITUCBLEAFDISCS 

CPM 

Treatment 
Relative age 

of tissue 
RlXCtiOXl ’ Fart0 50% of sample- 50% of sample- ’ 

time chromatography substance 1* substance 2t 

Complete 

-N 

Young 

Older 

Young 

Older 

30 mm 
3hr 
8hr 

3omin 
3hr 
8hr 

30 min 
3 hr 
8hr 

30 min 
3 hr 
8hr 

37 
156 
356 
19 

:z 
- 

58 
109 

:: 
161 

- - 
1115 1142 
2545 3149 

2&2 1751 
3113 2920 

438 708 
796 1143 

418 - 592 
829 1138 

The reaetion mixture was : sixty leaf discs (1 em in dia.), 10 ml of pH 7.4,0.2 M phosphate buffer containing 
30 ~olee/ml of sodium bicarbonate, 0.25 &ml of UDP-ghreoseJ4c, and 30 ~les/ml of sodium acetate. 
The leaf discs were incubated for 30 min. 3 hr. or 8 hr prior to extmekg the lipids. 

* Has &value near but does not correspond to monogalactosyl diglyeeride. 
tHashigherRlvalueinbothdircctionsthansubstancsl. 

TAEBLE~. INCORPORATIONOF AC6TAlE-~1Y=INTOTHELlPIDS OFLEl-lWCELeApDISCSTREA'ED~ 
vAluoUscmwmTRA TIONSOF84&KiUANmI3 

&Azaguanine (mM) 
Total time Time with 

of treatment acetate 
CPM/total 

extract 

x.05 
3ohr 1ohr 7565 
JOhr 1ohr 6030 

0.5 3ohr 1ohr 5942 
5.0 3ohr 10 hr 1965 

L5 58hr 58 hr 10 10 hr hr 2163 1606 
@5 58 hr 1ohr 1270 
5.0 58hr 1ohr 1165 
0 74 hr 2hr 467 
0.05 74hr 2hr 293 
0.5 74hr 2hr 147 
5.0 74 hr 2hr 25 

The leaf discs, 0.6 em in diameter, were treated for 48 end 72 hr with 8-azaguanine prior to the 
addition of aeetate+2-r4c (2 F; speerfk activity, 20 mo/mmole). The total volume of the fluid in the 
incubation dish was 5 ml. 

system is related to the lipid composition and physical state. It follows, therefore, that 
inhibitors of nucleic acid and protein synthesis would also alter the lipid composition of the 
plastid, since the time of appearance of the senescent state is dependent upon the rate of 
change of the RNA and protein fractions of the leaf. 
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TABU 5. k.ORl’ORATION OF ACZTATE--zlY= INIY) THE LIPIDS OF LEITUCB LJiAF DISCS 
TREATEDwln-xvAuKwscD- ~ONSOFA~‘~NOMY~D 

Actinomycin D /.&ml CPM/total extract 

18 222 355 
30 164 
90 85 

~leafdiscs,~6anindiametar,wera~~f~~~~~~~~~D~~to 
the addition of acetateb~14c (2 pc; speci5c activity. 20 m&mole) in a total volume of 
5ml. Thediscswerealbvedtoremain withtheac8tatefor2hcpriortocxtracthg 
the lipids. 

EXPERIMENTAL 

Plant Material and Reaction Mixtures 

Leaves from two species (Lactuca mtiva L., var. Burpee’s Ruby Red and Cmubita 
maxima Duchesne, var. Burpee’s Blue Hubbard) were used for this study. (1) A survey was 
made of the fatty acids in lettuce leaves, of varying age, kom vegetative and flowering stalks. 
For each sample, forty leaf discs (1 cm in dia.) were selected from either side of the midrib, 
placed immediately in 200 ml of isopropanol and boiled for 4 min, and allowed to stand under 
nitrogen in the cold until extracted.’ (2) Squash leaf discs, from relatively immature leaves, 
were incubated with acetate-2-i% in the presence or absence of ad&d UDP-glucose for 
varying periods of time (30 min to 30 hr). The reaction mixture included sixty leaf discs 
(1 cm in dia.) and 10 ml of pH 7.4,0-2 M phosphate buffer containing 30 pmoles/ml of sodium 
bicarbonate and 10 w of acetate-2-‘4c (speci8c activity, 20 mc/mmole). Some of the flasks 
contained, in addition, 6.6 pmoles of UDP-glucose per flask. The contents of the flask were 
placed under a slight vacuum in order to cause the infiltration of the reaction mixture. The 
flasks were illuminated with about 13,000 lx incandescent light in a water bath at 20.3”. The 
leaf discs were boiled with 150 ml of chloroform-methanol (2: 1, v/v) for 4 min. (3) Lettuce 
leaf discs, from plants grown on a complete nutrient and from plants grown on a nitrogen- 
de&ient nutrient, were incubated in flasks containing sodium bicarbonate (30 ~moles/ml), 
phosphate buffer (pH 7.4,0*2 M), UDP-gl~cose-~~C (O-25 &ml), and acetate (30 pmoles/ml). 
The total volume was 10 ml. The flasks were illuminated at 13,000 lx intensity and were 
contained in a water bath maintained at 20-3”. 

Leaf discs were removed at varying times and extracted in chloroform-methanol (2 : 1, 
v/v). The lipid-soluble components were washed and chromatographed in thin layers of 
silica gel G (Merck). The UDP-glucose-l% was obtained from New England Nuclear 
(specific activity-137 mc/mmole; radiochemical purity-98.4 %; enzymatic purity-100 % 
as determined by UDP-glucose dehydrogenase assay). The amount of UDP-galact0se-~4C 
was less than l-2 per cent, (4) Small discs (O-6 cm in dia.), from comparatively young lettuce 
leaves, were incubated with varying concentrations of 8-axaguanine or actinomycin D. Each 
petri dish contained sixty-five leaf discs, 5 ml of liquid, and one circle of Whatman No. 1 
filter paper. The discs were illuminated at 13,000 lx. 

‘I M. KA’IBS, Ch. J. Biochem. Physiol. 35,127 (1957). 
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Extraction of the Lipids 

The leaf discs were homogenized; the homogenate was filtered through fat-extracted, 
glass-fiber filter paper, and the glass-fiber paper was washed with solvent. The extract was 
reduced to dryness (60”, N2), taken up in chloroform, and the chloroform extract passed 
through a slightly acidified layer of water. This procedure was repeated twice and the 
extract was taken to dryness after the addition of anhydrous sodium sulfate. The fatty acids 
were methylated by refluxing with dry methanolic HCl.* 

Gas Chromatography and Counting 

The fatty acid methyl esters were chromatographed isothermally (196”) using a 5 ft 
column of 15 % Reoplex 400 on HMDStreated Chromosorb W.g In most cases, the sample 
was passed through the column and the entire sample, except for the hydrocarbons with low 
retention volume, was collected in a cooled U-tube. The sample was again chromatographed 
and individual components collected. The sample was transferred to 20 ml liquid-scintil- 
lation vials. A dimethyl-POPOP and PPO or a BBOT scintillator in toluene was used; the 
counting efficiency was about 55 per cent. The lipid extracts from 8-azaguanine- or actino- 
mycin D-treated tissue were counted directly with a thin-window G-M tube (counting 
efficiency, c. 2.1 per cent). 

Thin-layer Chromatography 

The lipid extracts obtained from leaf discs incubated with UDP-glucose-i4C were 
chromatographed in thin layers of silica gel G (Merck). The solvent for the t%st dimension 
was chloroforn-methanol-water (65:25:4, v/v) and that for the second dimension was 
diisobutyl ketone-acetic acid-water (80 : 50 : 10, v/v).~ 
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