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Abstract—Two different mutations in Brassica oleracea, gl and gl,, have been re-investigated using acetate-1-
14C labelling 1n an attempt to define more closely the nature of the genetic blocks to wax synthess. It has been
found that gls 1s a mutation which blocks elongation 1n the step C,5-C3, The mutation gl, exhibits no elonga-
tion block and could be blocked 1n the decarboxylation step C34~C,4 0 1 mM TCA supplied 1n the culture solu-
tion of cauliffower seedlings affected the leaf surface by producing a glossy appearance similar to that induced
by gl; and gl, At this concentration growth was not inhibited and the appearance of the plants was normal
except for the surface wax The amount of surface wax produced was about 40%; of that in untreated seedlings
on a [eaf'area basis Shght, but significant changes in wax composition were noted, manly 1involving a reduction
in Cj, acids and aldehydes, a slight reduction (33-29%) 1n alkane content, and a marked difference 1n chain length
composition of the alkanes with C,; increased relative to C,4 Over a range of concentrations from 0 1-1 mM,
TCA mhibited incorporation of label from acetate-1-'*C into C;, acids and aldehydes more than into C,q at
concentrations 04-0 8 mM while label tended to accumulate in C,, and C,4 acids, thus elongation C,5—Csq
was especially sensiive to TCA TCA also inhibited incorporation into primary alcohols and esters almost as
much as into C,4 compounds In spite of relatively specific effects on incorporation of label nto longer chan
lengths, the resulting block to C,, synthesis 1s not sufficient to make much difference to the overall rate of C,,
synthesis Both results of analysis of wax from whole plants and experiments with tissue shces n vitro indicated
that the effect of TCA 1n reducing the glaucousness of the leaf surface 1s a combination of overall reduction of
wax synthesis together with shight but significant changes 1n wax composition

INTRODUCTION

CHEMICAL analysis of glossy mutants in Brassica and Pissum!? has indicated that some
of these, for example gls in B. oleracea, show evidence of a block in the elongation of very
long chain fatty acids from C, ;—C,,. The mutant gls showed much reduction of n-C;, and
C,4 in the free acid of the wax, suggesting a partial genetic block in the step C,¢—C,s,
or in some cases C,5-C5,. The position of the block could not be determined by chemical
analysis only. Other glossy mutations, such as gl, 1n Brassica, did not show any inhibition
of the formation of the C;, acid and on the contrary showed a tendency to accumulate
this component. In both mutants, the main phenotypic effect was a reduction in nonaco-
sane from 33% of the wax to 2-6%,. Together with this the total amount of wax was
reduced to about the same extent as the reduction in C,4 paraffins, ketones and secondary
alcohols, and the resulting wax crystallites were completely modified in physical character?
or eliminated, thus producing the glossy surface.
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Kolattukudy* has adduced much evidence in favour of elongation- decarboxylation as
a mechanism for the formation of C,4 paraffin in Brassica. although long chain fatty acid
condensation has n the past been favoured > As stated elsewherc” most of our own
results can now be interpreted in terms of Kolattukudy's hypothesis. There 1s now some
evidence that secondary alcohol and ketone might be directly derived from alkane *®

Recently, thiol inhibition of alkane synthesis in peas has been reported.” This inhibition
appears to mimic gl, action n that Cy, compounds accumulate, and 1t was assumed that
the decarboxylation step was inhibited by the very high (10 mM) conc ol dithiothrertol
used It has also been reported 1n unpublished work recently cited'” that mhibition of wax
synthesis by TCA 1s more selective on longer chain lengths These effects of TCA have now
been investigated, with particular attention to comparisons of mhibitor and mutant effects
on wax synthesis.

TABLE I INCORPORATION OF ACFTATE-1-'*C BY TISSUL SLICIS OF Bras-
stea oleracea MUTANTS gls, gly AND NORMAL PLANTS

Normal
Wax cauli- Normal
component gls flower gly kale
Free acid 1017 0640 0476 0456
Primary alcohol 0399 0319 0265 0499
Secondary alcohol 0010 0151 - 0218
Aldehyde 1830 1464 1668 227
Ketone 0-069 0466 0068 0385
Ester 0351 0321 0143 0239
Paraffin 0008 1 527 0032 |1 747
¢, Acetate
— wax conversion 3 38°%, 442° 238°, 523,

Tissue slices were prepared from 2 g leaf tissuc and mcubated for
4hr in 4ml 005M phosphate buffer pH 72 contamnmng 350 umol
KHCO; and 5 uC acetate-1-1#C (sp act 55mC/m mol) Temperature
m the fasks was 315 + 05 Results are eapressed m dpm ~ 197
quenching corrections being by the Channets Rato Method

RESULTS AND DISCUSSION

Table 1 shows acetate-1-!*C incorporation nto the wax of two leaf mutants, gls and
gl, and into their corresponding normal forms The material for the expertment was
obtained from a segregating F, generation and both normal forms are included for com-
parison with the corresponding mutant. Both mutants caused a large reduction m mcor-
poration of label into alkanes, ketones and secondary alcohols The gls mutation caused
accumulation of label 1n the free acids, but otherwise the overall labelling pattern was quite
similar for the two mutants
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Table 2 analyses the label distribution in various components of acids and aldehydes
of gls, gl, and one normal form. In gls, the genetic block must be between C,g and Cs,,
because although C, 4 acid labelling is reduced relative to C,,, acid, the C, 4 acid is appear-
ing as aldehyde, probably as a result of accumulation of the acid before the block. The
mutant gl, does not show this feature, but the labelling of the C5, component shows only
a slight accumulation of label compared with the normal form. Previous work! has shown
that 1n mature leaves, in which the effect of the mutation has been integrated for a long
growing period, the percentage composition of aldehydes was : Normal, C,4 49-3%,, C3,
36:1%; with smaller amounts of other components; gl,, C,5 77%, Cio 754%, with smaller
amounts of other components. In the free acids the effect of the genetic block was not so
apparent, presumably because accumulation of the C,, acyl group promotes conversion
to the aldehyde in the absence of a pathway for decarboxylation.

TABLE 2 DISTRIBUTION OF RADIOACTIVITY (dpm x 10%) IN EACH PROMINENT COM-
PONENT OF ALDEHYDES AND FREE ACIDS OF NORMAL AND MUTANT FORMS OF Brassica
oleracea FOLLOWING INCUBATION OF SLICED TISSUE WITH ACETATE-1-14C

Acids Aldehydes
Carbon
no gl, Normal gls gly Normal gls
Cua 8 61 921 377 — — —
Cse 13:9 218 516 —_ — -
Csg 96 111 123 215 213 1004
Cio 153 218 - 1453 1243 88

The material was 1solated from the experiment giving the results of Table 1, using
the normal caulifiower for comparison with mutants

Buckner and Kolattukudy® have shown that thiols such as dithiothreitol and mercap-
toethanol caused accumulation of C;, aldehydes i peas with concomitant inhibition of
C;, alkane synthesis. They observed also that TCA specifically (0-625 mM) inhibited the
mcorporation of label into C;, aldehyde but not into C,4 or C,¢ aldehydes. These results
very much resemble those reported above. TCA effects appear to mimic the action of the
gls mutation (but only partially as shown below) and thiols the gl, mutation. Similar
mutations exist in Pisum,® where wa and wb are apparently elongation mutations and wsp
a decarboxylation mutation. From the results of chemical analysis, it can be postulated
that mutation wb affects the C,,~C,g step, wa apparently C,5-Cs,, and wsp, presumably
affecting decarboxylation, accumulates C;, aldehyde and acid. The manner of genetic con-
trol of elongation 1n such a specific manner 1s a matter of some importance, because the
implication is that different enzymes could be involved in different but analogous steps
m the elongation sequence.

Work with inhibitors persuaded Buckner and Kolattukudy? that the C;, aldehyde was
closely related to the Cs; alkane in peas. The above shows that the C;, aldehyde of B.
oleracea is affected by the same mutation as the free acid and the C,4 alkane, so that the
situation in B. oleracea 1s analogous to that in Pisum. Buckner and Kolattukudy® state
that the C,, and C,4 aldehydes are related to the primary alcohols, rather than to the
alkanes. This is borne out by previous work on pea wax,? where the mass distributions
of C,, and C,4 primary alcohols follows closely that for corresponding aldehydes. The
situation in B. oleracea is different in that the primary alcohol and esterified alcohols and
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acids contain branched chain components. The mass distribution of the normal carbon
chains does not correspond well between alcohols and aldehydes. The reason for this dif-
ference between B. oleracea and P sativum 1s not clear, the latter does not contam
branched chain components in the wax

TARLL 3 CHAIN LINGTHS OF VARG § WAK COMPOMATS AS AFECCTID B3 TCA
(10 W IN SOEN UL TE RL OF Brensica oleraced

Chaimn Paraffins Aldehyde Acid*
length Normal  TCA Normal TCA Normal  TCA
Cag -
Cos - -
Cae 102 186
- o1 57
Cay - - 231 539 303 564
Cig 922 898 - JON. 12
Cyg - 769 461 370 77
Cy, 76 45

* The free acid contamned 6 7°, C,,.23",C 5. 17", Cy, and C,~ i normal
plants TCA treated plants were not noticeably different in this range

Figures refer to mass per cent composttion of paraffins, aldchydes or free
acids of the wax calculated for chain lengths C,; Cy, only

The effect of TCA on wax synthesis

Whole plants were grown m solution culture with and without TCA 10™* M. At this
concentration TCA 1s quite specific for 1ts effect on the wax surface, which 15 converted
to a glossy one visually similar to that of the mutants gls or gl,. At higher concentrations
growth malformations and mhibitions occur The total wax vield per unit area of surface
from treated plants was 027mgem ° and from corresponding normal ones.
0-67 mg cm™? The effect of TCA on distribution of alkane chain lengths 15 apparent from
Table 3 The change 1s small, but reproducible, TCA nduces a slight but perceptible
change 1n the content of C,4 1n comparison with C,; which becomes relatively much
greater in the treated plants This effect 1s quite similar to that of both gl; and gl,.'
although less marked quantitatively. Examiation of the free acid fraction showed that the
chain length distribution was altered using TCA The main change concerned the C;, acid,
which was much reduced relative to C,,, and C, g, the other two main components (Table
3) Aldehydes were similarly. but less affected.

The gross composition of the wax extracted from glossy-leaved TCA-treated plants was
investigated, but not much difference was found from normal plants The total alkane con-
tent varted from 33°, in normal wax to 29%, wax from TCA-treated plants Thus TCA at
0-} mM ihibits the synthesis of all wax components over an extended period of uptake
from culture solution Preliminary tests showed that [ mM TCA was completely mhibitory
to growth. Since uptake and transpiration would be expected to accumulate the com-
pound, some detoxification 1s probably involved m uptake from the 0 1 mM solution so
that the internal conc would be imtermediate between 0-1 and | mM.

The effect of TCA on incorporation of acetate-1-'*C into wax was extensively mvesti-
gated; the tissue was sliced and washed extensively with buffer solution and then shaken
with buffer contamning the appropriate concentration of TCA for 1 hr before mtroducimg
the radioactive substrate Subscquent analyvsis of the effect of TCA concentration on wax
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labelling was found to correlate to some extent with chain length and this is summarized
in Table 4. The components of C;, chain length are obviously the most affected by inter-
mediate concentrations of TCA whilst the C,, and C,, fatty acids show a clear tendency
to accumulate. There is a sharp cut-off in chain length selectivity between 0-8 and 1 mM.
In spite of the evidence of increasing TCA action with increasing chain length of the elon-
gated product, there is no evidence of marked selectivity as between C,4 compounds and
primary alcohols and esters as has been described for other work 1n peas.® In these exper-
1ments with chopped tissue the trends for all wax components, apart from the exceptions
noted, were similar. TCA appears to reduce total extractable wax by 609/ at the same time
producing only a slight but definite and reproducible change in wax composition. The spe-
cific effect of TCA in inducing a glossy surface on the leaves 1s brought about by a reduc-
tion in total wax synthesized or a change in wax composition or perhaps both.

TaBLt 4 THE EFFECT OF TCA ON LABELLING OF WAX COMPONENTS BY
ACETATE-1-'*C EXPRESSED AS %, OF CONTROL WITHOUT TCA

Trichloroacetic acid (mM)

Wax components 04 06 08 10
Cye + Cspacd +
Cq aldehyde 91 83 63 24
Cjyo acid +
Cj; aldehyde 100 72 59 19
C,gacd +
C, 5 aldehyde 104 91 80 35
C,, acid 106 115 130 62
C,4acd 95 110 101 55
Esters 90 102 74 49
Primary alcohols 87 78 68 36

2 g tissue was exposed to 10 uC acetate-1-!*C for 3:Shr Total cpm
mn controls—C,4 + Csq acid + Ciq aldehyde, 62 x 10°, C; acid +
C;p aldehyde, 128 x 10°,C,gacid + aldehyde, 101 x 10°, C,, acid,
325 x 10*, C,, acid, 24 x 10*, esters, 99 x 10*, primary alcohol,
161 x 10°

A direct comparison between TCA effects and those of gls in caulifiowers and gl; in
kale shows that both appear to strongly affect a process somewhere in the elongation step
C,5-C30. Obviously the action of TCA is much less selective and has quite different results
from that of the mutant, but the end result 1s phenotypically sumilar. Free acids accumulate
in experiments with the gls and with TCA-treated leaf tissue.

Previous work'! on TCA dealt with whole leaves and showed very specific effects on
C,o compounds; this kind of experiment produces very variable results, it being difficult
to ensure consistent uptake of the substrate by petioles of leaves immersed in solutions.
Chopped tissue, however, 1s hardly an ideal biological system and it could mnterfere with
incorporation patterns in an unpredictable way However, this cannot be the whole reason,
because complete selectivity of TCA (625 mM) has been claimed for the alkanes and Cj,
aldehyde of peas using chopped leaves.® Both growth of the plant in vivo using TCA at
concentrations which do not mhibit growth, and experiments i vitro using acetate-'*C

' KoLATTUKUDY, P E (1965) Biochenustry 4, 1844
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labelling, lead to the conclusion that TCA affects later elongation steps somewhat selecti-
vely, without causing much change n the final wax composition The C;, acyl group pre-
sumably reaches a low level in the TCA-treated tissue which 1s just enough to slightly slow
down C,, biosynthesis relative to other components. In this respect the action of gls 1s
much more specific than TCA (sec Table 1). This mutation does not affect primary alcohol.
ester, or aldehyde synthesis, and causes accumulation of labelled free acids 1n m vitro ex-
periments. Although the main aldehyde of normal B oleracea can be C, 4 or Cj,,. inhibition
of elongation in gl causes aldehyde to accumulate mainly m the C,, component

EXPERIMENTAL

For culture soln growth studies, the sodium salt of TCA was added to Hoagland’s soln as 4 conc 10 *M
The plants grown with TCA in the culture soln showed no growth abnormalities and grew at the same rate as
untreated plants The effect on the waxy surface was specific In soln culture, Brassica could not tolerate a conc
107* M Wax was extracted when the plants were at the 6-leaf state Most other tcchniques were as previously
described 7 TCA was added as the sodium salt to i vitro incubations of tissue shices Tissue shices treated with
TCA were given pre-treatment of 60 min before adding substrate Temperature was controlled by a H.O bath at
35° Temperature 1n the flasks was monitored and did not vary by >05 002 M bicarhonate was included n
the buffer solution used for incubation, since 1t was found that this procedure did maximse elongation. and with-
out 1t, differences could be partly obscured In the tissue shee method some differences in incorporation patterns
occur from using whole leaves with petioles dipped in substrate With chopped leaves more aldehyde and more
acid 1s formed than m whole leaves In results of a typical experiment acetate-1-'*C was wncorporated nto the
various major wax components with the following percentage distributions, using leaves of the same age from
the same plant — Whole leaves acid, 07°,. primary alcohol, 4 1°,. secondary alcohol, 164°,. aldehyde, 79°,.
ketone, 22 4%, ester. 6 2%,, paraffin, 47 5%, Tssue shces acid, 4 1%, primary alcohol 809, secondary alcohol,
7 4%, aldehyde, 19 9%, ketone 16 9%, ester, 92%, paraffin. 357% There 1s a bias m favour of labelled acids
and aldehydes 1n tissue slices However the mcorporation patterns within these components weie not changed,
and the efficiency of acetate-1-'*C incorporation 1s much greater using tissue shees
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