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Abstract. In isolated tobacco leaves L-valine-U-14C gave rise to labeled even-numbered
isobranched fatbty acids containing 16 to 26 carbon atoms and iso C29, iso C31, and iso C3,
paraffins. L-Isoleucine-U-14C on the other hand produced labeled odd-numbered anteiso C17
to C97 fatty acids and anteiso C30 and C32 paraffins. Trichloroace'tic acid inhibited the
incorporation of isobutyrate into C90 and higher fatty acids and paraffins without affecting
the synthesis of the Cl. and C,, fatty acids. Thus the very long branched fatty acids are
biosynthetically related to the paraffins. In Senecio odoris leaves acetate-1_14C was incorporated
into the paraffins (mainly n-C,1 ) only in the epidermis although acetate was readily incor-
porated into fatty acids in the mesophyll tissue. Similarly only the epidermal tissue incor-
porated acetate into fatty acids longer than C18 suggesting that the epidermis is the site of
synthesis of both paraffins and the very long fatty acids. In broccoli leaves n-C., acid labeled
with 14C in the carboxyl carbon and 3H in the methylene carbons was incorporated into C,
paraffin without the loss of 14C relative to 3H. Since n-C18 acid is known to be incorporated
into the paraffin without loss of carboxyl carbon these results suggest that the condensation
of C32 acid with CV, acid is not responsible for n-C29 paraffin synthesis in this tissue. Thus
all the experimental evidence thus far obtained strongly suggests that elongation of fatty acids
followed by decarboxylation is the most likely pathway for paraffin biosynthesis in leaves.

The epidermis of plants is covered with a thin
l.ayer of waxy !chemicals. The chemistry of this
suirface wax 'ha.s been reviewed thoroughily in the
past few years (2, 3, 4). The 2 most common com-
ponen-ts of the surface wax are waxy esters and
hydrocarbons. The waxy esters are synithesized in
the leaf by the 'esteri.ficaition of aliphatic prima.ry
alcohols with fatty acyl moieties from fatty acyl
coenzvme A, pho-spholliipid, o,r free fatty acid (12).
The stra,ight chain 'hydrocarbons in planits originate
from acetate (9). Longer fatty acicds suich as C, ,,
and C,8 are inco,riporated into the nt-C..9 hydrocarbon
of Brassica oleracea more efficientlv and wiithoutt
prio,r degradation of their carboni chains (10). TII
thi.s tissule C,, and C,8 fatty acidls are also incor-
poraited inito very long fatty ac,ids (C.,,)-C.,,). The
effects o,f light, 3-(4-,chl'orophenl)l)-1,1-climethyl
uirea (CMU), and trichilo,roacetate oni the incorpora-
tion of laibeled prectirsors 'into paraffins and 'very
long fatty acid's ssuggested thait ni-paraffins are
synthesized by elongation of a common fattv acid
(C1,,,) followed by decarboxylaition as shown in
Scheme I (11). Althouigh this hypothesis was
derived from work on the biosyntbhesis of it-C.,9
paraffin in B. oleraceo, it seemed likely that stuch
a hypoithesis would be of wider application. In
order to tesft suich a poss bility Sencecio odoris, a
plant whiich has priniarily it-C: lparaffin and
tobacco wihich has considerabl'e prolport:onis of
2-methyrl (iso) an(d 3-methyl (aniciso) paraffins
we;re ulsed.

In the present paper experimental restlfts are
presented which suggest th'at the elongation-decar-
boxylation pathway ho,lds good not onily for n-C.,
hyd,rocarhon but also for ithe paraffin's of S. odoris
(mainly n-C31) and branched iparaffins of tobacco
leaf. I have ailso foun'd that the epidermis is the
most probab;le site of synthesis oif paraffin's.

Materials and Methods

Planitts. Tobacco plan,ts. (Nicotiana tabaculnt,
var Havana seed) Senecio odoris plants and, brocco'li'.
[Brassica' oleracea var italica (Plenck)] ''plants
were grown in san(l on a stubirrigaited bench in the
greenhouse.

Experiments with Tobaicco Leaves. Since the
most rapidly expanding leaves of Brassica 'oleracca
synthesized paraffins most rapidly, young tobacco
leaves (thlird or fourth from the apex') were also
used for incorporation studies. The excised leaves
were kept in the dark wi'th the lpetioiles immersed in
water for 1 to 2 hours in order to make them ftllly
tu-rgid. Radioactive substrates were dissolved in a
small voluime of water (1 ml or less) anid placed
in a small polyethylene cu1p fixed in a beaker. The
petioles of the fiilllly tuirgid leaves were transferred
to this so,luition and ab,ouit 2000 f,t-c of light fromii
tuingsten lights i1lluminated the leaf. When the
leaves had taken up the radioactive solution, 2 silC-
cessive 0.5 ml portions of water were added to the
cuip. Vhen the xvater was takeni lip the pet:.lc s
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SCHEME I. A plausible pathway for paraffin snthesis in BIrassica olcriCClc.
anid triehloroacetate are milost likely to affect are indicated by the irrows.

were immersed in 100 iml of distilled water and the
leaves were kept under abouit 1000 ft-c of light
uintil 'the end of 'the experimental period. The
leaves (tbut nost ithe cuit surface) were then immersed
in chloroform for 30 seconds to isolate the suirface
lipids.

The paraffin fraction Was isolated from the
surfa,ce li,pvkd by coltumn chromatograiphy on Si,licAR
cc-4 100 to 200 mesh (Mafll'inckrodt Chemicail 'Works,
St. Louis, Missouri) with hexane as the solveint (9).
Further analysis of the paraffin fraction was (lone
by radio ga!s-liquid chromaitography, uisinig 5 %
siliconie gutm rtubber (SE 30) on 80 to 100 mesh
Anakrom SD (Analabs, Hanidein, Coninectictut).

The leaf, after 'being washed wvith chloroform,
wvas chopped and the total IliCpids were extracted
with a 2:1 mnixtutre of chlloroform and methanol.
The lipiid extract was washed (5) and evaporated
to dry%ness under reduced pressture. The total lipid
was then saponified by refluxiing wsith 15 % alco-
holic KOH for 2 hours under niiitrogen and the
fatty acids were isolated fro,m the aci(liftied solution
by extraotion wiith chloroform. The free fatty
acids were 'purifiied by preparative thin layer chro-
matography on 0.5 mm silica gel G layers with
hexane:ethyl ether:formi-c acicd (40:10:1) as the
solvenit mlixture (11). Methyl esters of the fatty
acid,s were ithen prepared with BF,-methanol re-
agent. The methyl e.sters were pturified by thin-
layer chiromatography on 0.5 mm sillica gel G layers
wi'th benzene as the solvent (10). This purified
methyl ester fraotion was then analyzed by radio
gas-liquid chromatography -with 5 % silicone gum
rubber (SE 30) on 80 to 100 Anakrome SD.

The effect of trichiloroacetate onl the synthesis
of branched very long fatty -acids aind paraffiins

The reactions wNhich light, CMU

was studiedl with chopped tobacco leaves. Each
Wa'rburg flask (75 ml) conitained 2.2 g of chopped
tobacco leaves in 8 ml of waiter containing albott
25 ,Pc sodium isobutyrate-1-14C with or withotit
30 umoles of trichloroacetate. The flasks were
incubated a-t 300 wi%th shaking under 2000 ft-c of
light for 7 hoturs. The contents of the flasks were
then mixed with 250 ml of a 2:1 mix'ture of chloro-
form and methanol. After washing the extract (5)
part of the lipid solution was isubjecited to column
chroma'tography on,silica gel to isolate the paraffins
(9). The remaining liipid sol,ution was saponified,
ainid ithe fatty acids were isolated and analyzed as
before.

Experimiientts w.ith Senecio odoiris Leaves. TI'he
stem of S. odoris has an abundance of white crys-
talliine wax on the surface whereas on the leaves
very little powdery wax can be seen. The w"nax
from the stem when precipitated b)y cold acetone
gave a broad melting point around 2000, whereas
the corresponding wax from the leaf had a meltinlg
point of 78 to 80° which is comparable to other
surf,ace waxes. The high melting point of the stem
wax re.sulited froin the high concen'tration of a
terpenoid materlial that could 'be elu,ted wilth benzene
from an alumina or siilica gel column. Column
chromatography 'showed that 'both 'the stem and leaf
surface waxes contained aboutit 17 % paraffin's. The
more poilar materials have Inot been fullly identified.

Leaves of S. odor-is planits were excised from
the top part of the stem where the white powdery
wax had Inot yet accumulated. Discs (1.5 X 1 cm)
were cuIt with a razor blade and kept in water.
Both the tipper andi lower epidermal ilayer of celils
were c,a,re,ful'ly peeledl off from 12 discs. The epi-
dermis fraction contained some green tissue btut the

376



KOLATTUKUDY-BIOSYNTH ESIS OF PARAFFIN S 7

mesophyll fraction was devoid of epidermis. The
epidermis, the mesophy3ll -tissue fraction, and 12
intact di-scs were placed in 3 Waarburg vessels each
containing 100 jsc of sodium acet'ate-1-'14C (10
j,molles) in 3mlof water. The flasks were incu-
bated -under 2000 ft-c of light with shaking (140
oscililation's/'min) a;t 300 for 3 hours. Then the
totall lipids were isoldated with a 2:1 mixtture of
chlorofor.m iand methanol. The lipids were washed
and the hydrocarbon fraction isolated as described
for tobaoco leaves. Hydrooarbons were also iso-
lated 'by thin-layer chromatography on 0.3 m'm silica
gel G plaites with hexane as the solvent (9). Isola-
ti'on of 'fatty acids, mdithy,l ester preparation and
analysis by radio gas-4'iquid chromatography were
alil done a's described for tobac,co.

Experiments zwith Broccoli Leaves. Chopped
young broccolli leav,es ('second and third f'rom the
apices) weighing 2 g were transferred inito Warburg
f1lasiks (75 ml) containing 6 mil o,f disitilled water
in which the stubstrate and approprliate -inhibitors
were dissolved (10). The fliasks were inctibated
tunder ilight att 30 as described beifore. Extraction
of the total lipids and 'isolaltion of ithe paraffin
fraction were also done as described above.

Substrates. Dodecanolic aoid-1-14C (21 mc/
m'mole), va'line-U-14C (110.0 mc/mmole), isoleucine-
U-'1C (150 me/m'mole), isobutyrate-1-1'C (9.6
mc/'mmole), and :sodium acetate-1-1'C (44.4 mc/
mmolle) were purchased from Nuclear-Chicago
Corporation, Chicago, Illinois. Tritiated dodecanolic
acid was prepared by the Wilzbach method (30 mg

lauric aoid was exmposed to 6 cu,ries of 3H2 for 2
wks) at New England Nuclear Gorporaltion, Boston,
Massachusetts. The fatty acid was purified by
repeated ithin layer chromatography after the ex-
dhange'able 3H was removed. A mixture of about
120 puc dodecanoi'c-1-14C a'ci'd and 1500 p)c dodecanoic
acid-3H was dissolved in 10 ml water with the aid
of Tr,iton X-100 (Rohm-Haas, Phlilladelphia, Penn-
sylvania) as described before (10). Tween 20 was
avoided because this detergenit mighit rellea'se its
dodecanoyl .residues in tthe leaf (12). Each re-
aotion vessel conitained 500 to 600 m,umoles of
dodecanic acid wiith about 3 mig of Triton X-100.

Deternmination of Radio(activity. When only one
isotope was present in the sam'ple, radioactivity
measurements were made as de'scribed before (10).
In douible 'lalbeling experiments '*C and 3H were
assayed by the simultaneous equa'tion 'method.

Results
and Discussion

Incorpor(tion of Branched Precursors into
Branched Paraffins and Branched Very Long Fatty
Acids in Tobacco Leaves. Biran-ched carbon chains
found in fatty acids were 'sugges'ted to be derived
from branched amino acids such as valine and iso-
leucine (17). This suggestion has been well sub-
stanti'ated experimenitally wi'th 1labeled amino acids
('6,18). Branched chain's of carbon aitoms found
in the parafffin's and long chain fatty 'acids may also
be derived from branched amino acids. Such a

Table I. Inicorporation of Labeled Isobutyrate, Valine, and Isoleucine into Hydrocarbons of Tobacco Leaf
Isolated leaves received the appropriate afnounts of labeled substrates shown through the petioles. After the

period of metabolism in the light, surface lipids were extracted into chloroform and the hydrocarbons were isolated
from this extract by chromatography.

Incorporation
Suhlstrate Amount Time into paraffins

Sodium isobutvrate-1-'1C 5.2 LLmoles-50 pc 24 2.15
L-Vahine-U-14C 8.6 ,umoles-25 ,kc 16 2.8
L-Isoleucine--7-1C 30 ,Amoles-50 ,uc 24 2.5

0
Valine - C-C-C -

I '-S-CoA
C

iso 'starter piece'

C2-units C2-units C02

iso C16 acid Eoatn
E longyaion

Decarboxylation

C2-units

Isoleucine C- C- C- C
I \S-CoA
C

.-I anneiso C17 acid

C2-units C02

Elongation
Dec a rboxy la tion

anteiso C30)
Paraffins

anteiso C32J

anteiso 'starter piece'

SCHEME 11. Proposed pathway for the biosynthesis of branched paraffins in tobacco leaves. The branched very

long fatty acids (C,0-C27) are biosynthetically related to the branched paraffins in a manner similar to that pro-

posed for straight chain paraffins (11).

iso C29

Pa raffins
0soC33
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hypothesis is suipported by the results summarized
in table I which shows ithat the branched amino
aci!ds are readi,ly incorporated into paraf fins. In
tobacco, iso fatty acids with an even num,yber of
carbon atoms and iso paraffins wiith an odid number
of ca,rbon atom,s predomin,alte whereas in the anteiso
series faitty acids with an odd number of carbon
atoms an!d paraffins with an even nujmlber of carbon
atoms ipredominate (15,16). Sueh a distributi,on
would be expected if the iso C1 ffatty acid derived

30
32 ISOLEUCINE

31 ISOBUTYRATE

z
0
a-
CA

ir~~~~~~~~~~

0

bi~~~~~~~~~~

IS,
MASSJbr~~~~b

0 5 10 15
TIME (MINUTES)

FIG 1. Radio gas-liquid chromatogram of hydrocar-
bons isolated from surface lipids of excised tobacco
leaves which had metabolized the labeled substrates
shown on each tracing for 16 to 24 hours. The flame
ionization detector response shown in the bottom tracing
was similar in all cases. Coiled copper column, (4 ft X
0.25 in OD) packed with 5 % silicone gum rubber (SE
30) oin 90 to 100 mesh Anakrom SD was used for -as-
liquid chromatography. Temperature of the column was
2800 anid the carrier gas, argon was at 75 ml/min. The
radioactivity in the columni effluent was continuously
monitored with a Barber-Colman radioactivity monitor.
The chain length is shown on each peak; br, branched;
n, normal. Although iso and anteiso isomers are not
separated eveni-numbered anld odd-numbered branclhed
hydrocarbons of tobacco are known to be almost ex-
clusively anteiso and iso respectively (8, 16). There-
fore the radioactivity peaks of branched C30 and C_.
are assigned to the antteiso series and branched C2.
C31, and C33 are assigned to the iso series.

from va,line and the anteiso C5 faitty acid derived
from isoleucine 'served as Starters for the elongation-
deca,rboxylation sequence of reactions that would
lead to the formation of t'he corresponding paraffin
(Scheme II).

The paraffin frac'tions isolated from lipids ob-
tainied from tobacco leaves which metabolized
labelled am.ino acids were analyzed by radio gas-
liquid chromatography and the results are shown
in figture 1.

It is clear from fligure 1 that valine-U-14C gave
ri,se primarily to iso C.,9, iso C.1, and iso C33
paraffins. The C4 acid (isobutyric acid) normally
expected to ibe derived fro'm va(line was al,so incor-
porated specifically in'to the same paraffins. As
shown in figure 1 isoleucine-U-14C specificalily
labeled the aniteiso C30 and anteiso C32 paraf fin;s.

Very long fa'tty acids found in broccoli leaves
appear to be closely related biosynitheticalNy to
straighlt chain paraffins (11) anid if the branched
paraffins of the tobacico plant are synthesized by a
similar elon,,ation-decarlboxyllat.ioni paithway the cor-
respondingly branched very long fatty acids migh't
le expected to be formed from the branched pre-
cuirsors. Therefore the totall fatty acilds isoqa'ted
from tobacco leav;es which had 'metabolized labeled
branched amino acids were aniailyzed b)) radilo
g,as-liquid ch,romatography anid the results are shown
in figure 2. As predicted, valine-U-14C and iso-
butyrate-1-14C gave rise 'to labeiled even iso fatty
acids C16, to C26. Similarly isoleucine-U-14C pro-
duced labeled odd anteiso C,7 to C27 fatty acids.
The highly 'specific Ilabeling patternis in figuires 1
and 2 show that the carbon chains of administered
branched pre-cu,rsors did not tundergo extensive
degradation and t'he resuilts are in accordance wi'th
Scheme II.

Recently Kaneda (8) reported thaft 0.02 to
0.09 % of labeled valine, threonine, isooleucine, and
leucine were incorporated into paraffins in intact
tobacco planits. The much higher incorporation
oibtained in the presen.t study is apparenitly becauise
o,f the different experimental technique uised. Ka-
n'eda administered the substrates to 3 feet tall
tobacco, plants through the st-em by the 'wick
meth-od' anid th'e substrates were allowed to be
metabolized for a month. Such an experimental
procedure aflso resulted in extensive degra-da,tion of
the labeled molecules and the consequ"enit non-specific
incorl)oration as com'pared 'to the highly specific
labelling repor'ted here.

Effect of Trichloroacetate ont Incorporaition of
Isobltvi,rate into Branched Paraffins and Fatty
A-1ci(ds. Trichloroacetate, at 10- to 10-4 N concen-
trations, inhibit's paraffin syn'thesis in B. oler(ace(c
(9). It has been reported that application of tri-
chloroaceta'te decreases cuticular wax forma,tion
considerabily only in plants wh'ich show the powdery
w-ax oIn their su,rface (1). However since expe,ri-
meniits with labeled substrates indi,cate(l that tri-
chiloroacetate inhibited the elongation process re-
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sponisibie for paraffin synithesis thiis 'inhibitor should
ailso inihibilt paraffin synithesis in plant's which do
not have a powdery wax on the surface if the
elongation route is of generail occurrence. Results
in table II show tha(t trich'loroacetate inhibited in-
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FIG. 2. Radio gas-liquid chromatogram of fatty acids
(methyl esters) from the lipids of tobacco leaves which
had metabolized the labeled suibstrates shown on each
tracing for 16 to 24 hours. The flaame ionization de-
tector response shown in the bottom tracing wais o0)-
tained from the methyl ester mixture of known comii-
positioni injected with the tobacco fatty acids. Experi-
mental condition.s were the same as in figure 1 except
the columrn temperature was 260'. The chaini length is
indicated on each peak: i, isobranched; a, anteiso-
branched; n, normnal. Although iso and anteiso isomers
are not separated by gas-liquid chromatography branched
even-numbered fatty acids and branched odd-numbered
fatty acids of tobacco are known to be iso and aniteiso
respectively (15). Therefore the radioaotivity peaks
of the branched even-numbered acids are assigned to
the iso series and branched odd-numbered acids are
assigned to the aniteiso series. When the unsaturated
methyl esters were separated from the saturated by silver
nitrate-silica gel G thin-layer chromatography, essentially
all the 14C was found in the saturated methyl ester
fractioin. Radio gas-liquid chromatography of the sat-
urated esters at 1980 showed that small amounts of
''C was present in the normal Cl. acid in every case.

Table II. Effect of Trichloroacetate otn the Incorpora-
tion of Isobutyrate-1-14C into the Paraffins and

Fatty Acids of Tobacco Leaf
Each reaction mixture contained 2.2 g chopped to-

bacco leaves, 8 ml water, 25 Acc sodium isobutyrate-'1-14C,
and 30,umoles trichloroacetate where indicated. After
7 hours incubation at 300 under 2000 ft-c light the
lipids were extracted and the paraffins and fatty acids
were analyzed as described under Materials and Methods.
In the presence of trichloroacetate measurable 14C could
not be detected in Co4 and C26'

Trichloro-
Control acetate

% Incorporation into total lipids 10 10.5
% Incorporation into paraffins 1.0 0.25

% Distribution of 14C in
branched fatty acids
C16 16 15
C18 67 81
CO0 6.6 2.6
C2. 7.0 1.3
C24 2.2 ...

C26 1.5

corporation of isobutyrate-1-'4C inito paraffin's in
tobacco leaves, a species which does not have a
powdery wax. Ju,st as in B. oleracea (9, 10,11),
trichloroacebate failed ito inhibit incorporation of
1C from isobutyrate-1-"1C into total lipids.

It was suggested that the very long fatty acids
(C2O and higher) found in B. oleracea are bio-

syntheticallly related to ithe paraffins (11). Cor-
resp,ondingly the branched very long fatty acids
found in tobacco might be related to the branched
paraffins. If so trichloroacetate, which inhibits the
incorporation of llabeled isobultyrate 'into paraffins
should also inhibit the synithesis of branched very
long fatty acids from isobutyrate. Typical experi-
mental results given in table II dlearly show that
incorporation o-f isobuityrate inito C90 and higher
fatty 'acid-s was inhibited by trichloroacetate,
whereas synfthesis of branched acids of common
chain length (C,6-C,8) was not affecited by the
inhibitor. Thuts it is very 'likely thait the very long
branched fatty acids in tobacco are bio,syntheiticalily
related to the branched paraffins just as the very
long n-faitty acids of B. olerace( are related to the
n-paraffinns.

Allthough no direct proof for the elongation-
decarboxylaition pathway o;f paraffin syn'thesis in
tolbacco leave's exi,sts, the formnation o,f the appro-

priately branched very long ('C.,2-C.,,7) fatty acids
by the leaf that synthesized the branched paraffins
and the 'suggested reliationship's between the
branched very long acids'and the branched paraffins
are consistent wiith ithe elongation decar'boxylation
pathway depicted in Scheme II.

Site of Synthesis of Paraffins and Very Long
Fatty Acids. The relation 'of very long faltty acids
to paraffins is also suggested by their site of syn-
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FIG. 3. Gas-liqui(d chromatogg-ramn of the p)araffin
fraction isolated from the surface lipids of S. odoris.
The stemn and leaf gaxve identical patterins. Experimental
conditions: 6 foot coiled copper coluimn (0.25 in OD),
3 % SE 30 oni 80 to 100 mesh siliconizedl chromasorb
W; teimperatures of columnll, injector andl detector 280,
360, and 3100 respectively. Carrier gas He at 45 ml/
mmii. Identification bv complairisoni witlh a sample of
cabbage paraffin and -C312 paraffin. The inumber on
each peak represents the chain lengths.

thesis. 'T'he ease with which newly synthesized
paraffiins are excreted on to the suirface of the leaf
indicates that the silte of synthesis is near the
cuticle. This observation together with the lack of
involvement o,f chloroplasts in paraffin synthesis
(13) stuggested that the epidermis of the leaf might
be the site of paraffin synthesis. If the very long
faitty acids are reilated to the paraffins as pictured
in Scheme I the very long fatty acids muisft also be
synthesized in the epidermis. Since the epidelrmal
layer of the leaves of S. odoris clan be easily re-
moved (14) this plant was utse(l to test this hvpo-
thesis.

Abouit 17 % of 'the surface wax of the S. odoris
leaves couild be eluted from alumJina and silica gel
column,s by hexane, and thin layier clhro,matography
and infrared spe,ctroscopy showed that this fraction
contained only long chain paraffins. Gasliiquid
chroma,tography (fig 3) of the hydrocarbon fraction
shows that the miajoir paraffin is n-C,,Q with smaller-

Table III. Incorpor-ationt of Acetate-1-14C into Lipids
of S. odoris Leaves

Each large (75 ml) Warburg flask conltained the ap-
propriate tissue from 12 discs (1.5 X 1 cm) in 3 ml
water containing 100 juc sodium acetate-1-14C (10
,umoles). After incubating at 300 for 3 h-ours under
2000 ft-c of light, total lipids were extracte(d and paraf-
fins isolated as described in 'Materials and Methods.

Inicorporation of 14C into
Tissuie Totil lipids Paraffins

Cp OI X J n-6'Cp111X 10-4
Intact discs 22.5 2.85
Mesophyll 27.0 0.10
Epidermis 11.5 2.63

amounts of Cl9, C 0, C.2, and C31. Mass spectral
analysis conifirmed this and showed Ino evidence for
branching; neither did the NMR spectrum give any
evidence for branching or unsaituiration. Results
sum,marized in table III show that the epidermis of
the S. odoris leaves incorporated as much acetate-l-
14C into hydrocarbon as the enitire discs. Further-
more the mesophyll. tissue converted hardily any
acetate inito parafifins although this tissue readily
incorporated acetate into faitty acids. Tihese resuilts
strongly suggest that the epidermis is the site of
pa,raf,fin synthesiis.

If an elongation-decarboxyla,tioni pathway syn-
thesizes the paraffins in this tissue, the epidermis
is likely tio contain very long fatty acids (C., and
higher) similar to those found in b-roccoili (10).
Therefore the fatty acids synthesized by the epi-
dermis, the mesophyll, and initact discs were ana-
lyzed by radio gas-liquid chromnatfography and ithe
results are compared in figure 4. The distribution
of radioactivity in the fatty acids synthesized by
the mesophyll. tissuie was similar to that foulnd in
most leaf tissuies (7, 10); namely '"C wias miostly
in C,; acid and lesser amouints were J)resent in CIS
acids. The 14C distribution, in fatty aci(ds synthe-
sized by the epidermis however showed large pro-
portions of 1"C in fatty acids longer than C,, and
in particular C20, C.,, and C.,. Radioactivity couild
be detected in CG6 and C., fatty aci(ls also (not
shown in the figure). Thuis only tthe epidermal
layer of cellis, which is the site o!f the syn,thesis of
paraffins, incorporated acetate-1-14C inlto very long
fatty acids. The rmesophyll tissue, which was inl-
capable of incorporating aceitate-1-4C into paraf-
fins, was also uniiable to convert acetate-1-14C into
very long fatty acids. These observations suipport
the conten-tion that paraffins are synthesized by a
elongation-decarboxylation mechanism and the very
long fatty acids are biosyn'theticallyv related to
paraffins (11, 13).

In the mesophyll tisssue the amoutint of 1"C in
C1, acid was very small when compared to that in
C1, acids. OIn the other hialnd, in the epidermis
relatively large proportion o,f the '4C was in C,1
(fig 4); in fact C1, acid contained almolst as mulch
"C as in C1,j acid in this tissue. Thuis the C, acid
is synthesized in 2 compartments: one with the
uisuial fatty acidIs t1hat are made mostNly in the
chiloroplasts, and the oither in the epiderimiiis whhe,re
it prestuma,bly is the first product of elongation
duiring the synthesis of paraffinis alnd other very
long chain waxy compouinds. A sttidy of the effect
o-f trichloroacetate oIn fa,tty acid synithesis in broc-
coli leaves had previouisly lead to a similarr coi1-
eluision with respecit ito the synthesis C1, acrid (11).

Incorporation of Doutbly Labeled Dodecainoic
4cid into the Par-affins of Broccoli Leazes. Since
there is no direct proof that the elongation process
involvers C. uin,its the possibility of a condensation
of C,, or C,1,9 acid,s with a preformed fatty acid
remailned opein. For examiple, in B. olcraccoa C,l
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acid might be incorporated into the C29B paraffin by
condensation with a C,2 acid followed by decar-
boxydation as shown in Scheme III, in-stead of a

EPIDERMIS stepwi.se addition of 6 C2 units followed by decar-
boxylation. If such is the case, the carbon dioxide
th,at is lost in the process muslt be derived specifi-
cadily from the C12, the 'donor' (13), and not from
the C18 acid, the 'acceptor', because the C18 acid is
known to be incorporated wtithout loss of its car-
boxyl caipbon atom (11). Therefore if C12 acid
labeiled with 14C in the carboxyl carbon and 8H on
the methylene cairbon atoms participates in hydro-
carbon synthesis by the condensation pathway, the
14C would be losit but not the 8H. However some
of the doubly labeled C12 acid may -reach the
paraffin via C1s acid into which C12 acid is known

24 to be incorporated in B. oleracea leaves (10), andany of the C12 acid molecules thus incorporated
_into the paraffin would not lose its 1"C. Even then

if the condensation pathway plays a major role the
3H :14C ratio in the paraffin would be expected to
be much higher than that in the C12 acid supplied.
On the other hand, if the C12 acid its incorporated
into the paraffin by the elongation-decarboxydation

IN TACT DI SC pathway the paraffin should have the same 3H :14C
ratio as in the C12 acid. The results summarized
in figure 5 show thiat the 3H :14C ratio in the paraf-
fin was not higher than that in the C,2 acid
administered to the leaf at any of the experimental
periods studied. Since the times used included 30
minutes, by which time the. rate of incorporation
had not yet reached a.plateau, it is unlikely that the
3H:'4C ratio in the paraffin was higher than that
in the C12 acid substrate ait any time. Th.us C12

MESOPHYLL
9

I0
x 6

-o
I

3

0

0 5

11-

I0

E

-o
U

'X

2 4 6
TIME (HOURS)

FIG. 5. Incorporation of 3H and 14C from doubly
labeled dodecanoic acid into paraffins of broccoli leaves.
Each Warburg flask contained 2 g ciopped young
broccoli leaves in 6 ml water containing a mixture of
dodecanoic acid-U-3H and dodecanoic acid-1-14C; the
ratio 3H: 14C was 13. At the end of desired period
of incubation at 300 and 2000 ft-c of ligh-t the total
lipids were extracted and paraf fins were isolated as
described under Materials and Methods: -0-, 8H;
-_ -, 14C; /\, 3H :14C.

0I0
10

TIME (MIN)
FIG. 4. Radio gas-liquid chromatogram of the fatty

acids (methyl esters) isola-ted from the tissues shown
on each tracing. The lipid samples were obtained from
the experiment shown in table III. The same conditions
of gas-liquid chromatography as in figure 2. With the
methyl esters from epidermal tissue radioactive C96
and C28 could be detected but are not shown in this
figure.
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0
'Acceptor' C17 H35 -C * C17 H35

°0c \OHCC0H2-CIO H21
'Donor' Ho/A

002o 7~~~~~~~~~~c
O /

-COHil H Reductive
- C C H -CI|O H21 -Deco o laf ) C17 H35s'CH2CH 2 -c OH 21A A2 Decorboxylation

I

A CA0Hxc r--P .-w-29rarat tin/ \\
HO 0

SCHEME III. The hxpothetical condensation between C,, and C1. acid to formi C.,, iparaffini. The symbols *,
x a(ld A indlicate the fate of the c'rboxyl car)obn of the C,, acid, the carboxvl carlot) of the C,. acid, anid the
hvdrogele atoms of thle C acid respe>tivelv.

Talble I". Incor-poraiool of Dodtcanoit .-Icid' Labeled wit/h 14C 11(i '/l iuito Panraffits tz,,d otl'Ic Lipids
of Broccoli Leaf

2.0 g Chopped lbroccoli leaves was incubated withi 530 i,mAtmoles of dodecanioic aid (about 75 ;CC 3H and 6 Ac 14C)
an(i the appropriate inlhilitor.s dissolved in a total volume of 7 ml wvater,artt 30° uiticler 2000 ft-c light for 1 hour.

Experimental condition

Control
Trichloroacetate (20 panuoles)
Chlorophenyldimethylurea (0.5 ,mole)

Incorporation of
radioactivity into

para f filns2

10(
17
76

'H 14C Ratio in
Paraffinis Fatty acids

10.2
11.6
10.4

13.9
13.4
13.8

I 3H : 1'4C Ratio in the substrate was 13.0.
<' In the conitrol experiment, 0.4 % of the adminiistered

acid did not participate in the condensation pathway
shown in Scheme III to any appreciable extent, and
these results instead are clearly in agreement with
the elongaition-decarboxylation pathway.

In order to test further whether the observed
incorporation of '1C and 3H inlto paraffin,s repre-
sents incorporation of intact C,, units the effect of
CMU and trichloroacetate on incorporation of 'H
and "4C _from the doutbly labeled C, acid into tfhe
paraffin was studied. As s'hown in table IV, tri-
chkowroacetate iseverely inhibilted the incorporation of
both '4C and 3H inito the paraffinis to the same
vxtent, A,hiile CMU gave a smal(ler inhibition. In
both experiments, however, the ratio of 3H :14C
remained the same as in the C,, acid supplied.
These ressuLts are clearly con!sisiten,t with the coIn-
tention that the incorporation of 3H and 14C into
the C,, paraffiin represents incorporation of intact
douibly ilalbeled C,2 acid,s. Sinlce CTMU is known to
in-hibit the incorporation of C12 acid into ClR acid
(data not shown lhere), in the presenice of this
inhibitor there must be less likelihood of the (loubly
lalbeled C12 acid reachinig the paraffin via C,, aci(l.
Therefrore if a direct condensation takes place the
dchances of observing the loss of '4C from the C1.2
aci(l antl consequtently higher ;H :'4C ratio in the
paraffin must be better in the presence of CAIU.
But even theni the ratio of 3H :14C in the paraffin
-as noat higher thani that in the substrate C,2 acid.

The 'H :r1C ratio in the paraffins wvas always
sligh;tly lower thhani that in the sutbstrate acid. TIhe
reason for ithlis smaltl decrease is noit clear at

lpresent but the most like,ly explanation appears to
be that smalll aIlamouints of 14C from the degradation
products of the substrate C12 acid aare incorporated

radioactivitv was illnorport_(d iinto the p)araiffins.

into the (paraffin. The 'H hias much less chance
of being incorporated in this manner because of the
great dilution by the tissue water. The degradation
products are most likely to be formed outside the
chioropl,asts aind therefore these produets do not
cause ainy decrease in 3H :14C ratio in the usual fatty
acids synthesized wi(thin the chloroplasts (table IV).
Individuial fatty acids (C,-2C,,) reisolated from the
tissue and separated by gas-liquid cohromatography
also showed the same 3H:'+C ratVio as the substrate
C12 acid.

The above resuilts rule out the condensation
pathway depicted in Scheme III, unless the adminis-
tered C12 acid for some reason failed to reach the
hypothetical condensation site except via C,, acid,
or failed to participate as suich in ithe condensatioil
reaction because the pool of the 'active donor' may
have a v-er- sl,ow% turnover rate. Anocther wraxN to
circumvent thi.s experimental evidence againsit the
condensation pathw-ay would be to suiggest a differ-
enit coinbination of fatty acids that does inot incluide
t'he pair of C, and C, acids. Alithough these
1)ossibilities cainniot be ruled out wiith ceritaiity, the
elon;gatioIn-decarboxy-ltioIn pathwaY canI best explain
all the experimental resullts obtained with it-C2.,
paraffiin of B. oler-oicca, ii-C,, paraffin of S. odoris.
and tlhe branched paraffins of tobacco loaf.

It is not kniovn whletiher tihe very, long fattY
acids founid( in tobacco aind S. odoris leaves are
intermIedliates in paraffiin synthesis. FroIm the e-

perimenital restults it appears likely that these very
long fatty aci(ds are clerived from the eloingation-
lecarboxylation complex -x-hich synthesize paraffins.
However, it is possible that the observed close
relationiship fiet\x-ecu the synthesis of paraffils anId
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very Iong fatty acids is mereily because of their
co,mlmon site of synthesis, moslt probably the epi-
dermiis.

The factors that controol the composittion of the
paraffins synthesized by a species are not known.
Differences in specificiity of the elongation-decar-
boxylation complex could explain the difference in
ca,rbon chiain length. What conltro'ls the structural
characteristics, such as unsaturatbion and branching,
is even more inltriguing. The arailability of
branched "statlter" pieces which in tutrn may depend
on the amino acid balance, may control the branch-
ings found in the parafflins. If this be the case,

exogenouis branched starters may intduce -a plant
suich as B. oleracea, Which does not normalily syn-
thesize branched paraffins, to make branched paraf-
fins; however, if the innate specificity o,f the
enzymes invol1ved excilutdes branched molecules this
may not be possible. In the case of unsaturation,
it appears that the specificiity of the enzymes ex-

oluides unsatu,rated molecules from being inctor-
porated into paraffins of B. oleracea since C15 acid
was welil incorporated into broccoli paraffins
whereas the acid wilth the 'same chaiin length btt
conltain,ing one double bond failed to be incorpo-
rated (10).
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