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Abstract-Two different mutations m Brasstca olrraceu, gl, and gl,, have been re-investigated using acetate-l- 
14C labellmg m an attempt to define more closely the nature of the genetlc blocks to wax synthesis. It has been 
found that gl, 1s a mutation which blocks elongation m the step C zs-C30 The mutation gl, exhibits no elonga- 
tion block and could be blocked m the decarboxylatlon step C 30-C29 0 1 mM TCA supplied m the culture solu- 
tion of cauliflower seedlmgs 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 m untreated seedlings 
on a Ieafarea basis Slight, but slgmficant changes m wax composition were noted, mamIy mvolvmg a reduction 
m C3,, acids and aldehydes, a slight reduction (33-29%) m alkane content, and a marked difference m cham length 
composltlon of the alkanes with C2, increased relative to Cz9 Over a range of concentrations from 0 l-l mM, 
TCA mhlblted mcorporatlon of label from acetate-l-14C mto CsO acids and aldehydes more than mto C2s at 
concentrations 0 4-O 8 mM while label tended to accumulate in C,, and C,, acids, thus elongation Cz8-C30 
was especially sensitive to T%A TCA aIso Inhibited mcorporatlon mto primary aIcohoIs and esters afmost as 
much as mto Cz9 compounds In spite of relatively specific effects on mcorporatlon of label mto longer chain 
lengths, the resulting block to C 30 synthesis 1s not sufficient to make much difference to the overall rate of Cz9 
synthesis Both results ofanalysis ofwax from whole pIants and experiments with tissue slices in ultra indicated 
that the effect of TCA m reducmg the glaucousness of the leaf surface 1s a combmatlon of overall reduction of 
wax synthesis together with slight but slgmficant changes m wax composttlon 

INTRODUCTION 

CHEMICAL analysis of glossy mutants m Brasstca and P~ssurn’~~ has indicated that some 
of these, for example gl, in B. oleracea, show evidence of a block in the elongation of very 
long chain fatty acids from Cz4- CSO. The mutant gl, showed much reduction of n-&, and 
C2s in the free acid of the wax, suggesting a partial genetic block in the step Czb-C2s, 
or in some cases Cz8-C30. The position of the block could not be determined by chemical 
analysis only. Other glossy mutations, such as gl, m Brassica, did not show any inhibition 
of the formation of the C30 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 Cz9 paraffins, ketones and secondary 
alcohols, and the resulting wax crystallites were completely modified in physical character3 
or eliminated, thus producing the glossy surface. 

’ MACEY, M J K and BARBER, H N (1970) Phytochemutry 9, 13 
’ MACEY, M J K and BARBER, H N (1970) Phytochemstry 9,5 
3 HAU, D M , MAXUS, A I, LMRTQN, d A and B~NP., H N (1965) tiust d &al. SCI. 1% 323 
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Kolattukudy4 has adduced much evidence m favour of elongation- decarboxylatlon as 
a mechanism for the formatlon of Cz9 paraffin m BI.US.WLI. although long cham f2ttj acid 
condensation has m the past been favoured 5,h As stated elsewhere’ most of our own 

results can now be mterpreted m terms of Kolattukudy’s hypothesis. There IS now some 

evidence that secondary alcohol and ketone might be dkrectly derived from alkanc ’ 
Recently, thiol mhlbltlon of alkane synthesis in peas has been reported.” This mhlbltlon 

appears to mimic gl, actmn m that C1: compounds nccumulatc. and it \\ as ~WIIW~ th,~t 

the decarboxylatlon step was Inhibited by the very high (10 mM) cone of dithiothreltol 

used It has also been reported m unpubhshed work recentlq cltcd “I th:lt mhrbltlon of wax 

synthesis by TCA IS more selective on longer chain lengths These effects of TC’A have nor+ 
been mvestlgated, with particular attention to comparisons of mhlbltor and mutant effi’cts 

on wax synthesis. 

Free acid 1017 0 640 0476 0 456 
Primary alcohol 0 399 0319 0 265 0 499 
Secondary alcohol 0010 0 I81 0218 
Aldehyde 1 830 1 464 1 668 ‘271 
Ketone 0.069 0 466 0 068 0 385 
Ester 0351 0321 0143 0 239 
Paraffin 0 008 I 577 0 0.32 I ‘17 

Ou Acetate 
-+ wax conversion 3 38”,, 4 4?,, 2 38”,, 5 23”,, 

______.-.. -- 

Tissue shces were prepared from 2g leaf tlasuc and mcub~t~d fog 
4 hr m 4ml 005 M phosphate buffer pH 7 7 Lontdmmg 50/1mol 
KHCO, and 5 TIC acetate-I-‘“C (sp act 55 mC,/m mol) Tamp ,llurc 

rn the flasks urrls 3 1 5’ + 0 5’ Results ‘ue expressed IIT dpm v 1:)’ 
quenching corrcctlons helns by the C h‘lnnel\ K‘III~I ZI~‘thod 

RESULTS AYD DISCUSSION 

Table 1 shows acetate-l -14C mcorporatlon mto the wax of tno leaf mutants, g15 and 
gl, and into their corresponding normal forms The material for the experiment was 
obtained from a segregating F2 generatlon and both normal forms are mcludcd for com- 
parison with the corresponding mutant. Both mutants caused ‘t large rcductlon 111 mcor- 
poration of label into alkanes, ketones and secondary alcohols The glj mutation caused 
accumulation of label m the free acids, but otherwlse the overall labelllng pattern was quite 
similar for the two mutants 
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Table 2 analyses the label distribution m various components of acids and aldehydes 
of gl,, gl, and one normal form. In g15, the genetic block must be between C2s and &,, 
because although Cl8 acid labelling is reduced relative to C,, acid, the C2s acid is appear- 
mg as aldehyde, probably as a result of accumulation of the acid before the block. The 
mutant gl, does not show this feature, but the labellmg of the C30 component shows only 
a slight accumulation of label compared with the normal form. Previous work’ has shown 
that m mature leaves, m which the effect of the mutation has been integrated for a long 
growing period, the percentage composition of aldehydes was : Normal, C2s 49.3x, CJO 
36.1% with smaller amounts of other components; gl,, Cz8 7.7x, CJO 75.4% 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 CaO acyl group promotes conversion 
to the aldehyde in the absence of a pathway for decarboxylation. 

TABLE 2 DISTRIBUTION OF RADIOACTIVITY (dpm x 103) IN EACH PROMINENT COM- 

PONENTOF ALDEHYDESANDFREE ACIDSOF NORMAL AND MUTANT FORMS 0F Brassrca 
OhYKea FOLLOWING INCUBATION OF SLICED TISSUE WITH ACETATE-1-'4C 

Carbon 
no gL 

Acids 

Normal gl4 

Aldehydes 

Normal gl* 

C 24 861 9,21 377 - - 

C 
26 

13.9 21 8 516 - - C 28 96 11 1 123 215 213 1004 
C 30 15 3 21 8 - 145 3 124.3 88 

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

Buckner and Kolattukudyg have shown that thiols such as dithiothreitol and mercap- 
toethanol caused accumulation of C32 aldehydes m peas with concomitant inhibition of 
C3i alkane synthesis. They observed also that TCA specifically (0.625mM) inhibited the 
incorporation of label into CX2 aldehyde but not into C2s or C,, aldehydes. These results 
very much resemble those reported above. TCA effects appear to mimic the action of the 
gl, mutation (but only partially as shown below) and thiols the gl, mutation. Similar 
mutations exist m P~surn,~ where wa and wh are apparently elongation mutations and wsp 
a decarboxylation mutation. From the results of chemical analysis, it can be postulated 
that mutation wb affects the Cz6-CX8 step, wa apparently Cz8-C30, and wsp, presumably 
affectmg decarboxylation, accumulates CJ2 aldehyde and acid. The manner of genetic con- 
trol of elongation m such a specific manner 1s a matter of some importance, because the 
implication is that different enzymes could be involved m different but analogous steps 
m the elongation sequence. 

Work with inhibitors persuaded Buckner and Kolattukudyg that the Cs2 aldehyde was 
closely related to the CJ1 alkane m peas. The above shows that the CsO aldehyde of B. 
oleracea is affected by the same mutation as the free acid and the Cz9 alkane, so that the 
situatron in B. oleracea IS analogous to that in Plsum. Buckner and Kolattukudyg state 
that the C,, and Czs aldehydes are related to the primary alcohols, rather than to the 
alkanes. This is borne out by previous work on pea wax,2 where the mass distributions 
of CZh and Czs primary alcohols follows closely that for corresponding aldehydes. The 
situation in B. oleracea is different m that the primary alcohol and esterified alcohols and 
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acids contam branched chain components. The mass dlstrlbutlon of the normal carbon 
chains does not correspond well between alcohols and aldehydes. The reason for this dlf- 

ference between B. olrmcra and P sar~~~~~n 1s not clear, the latter does not contam 
branched chain components m the wax 

Chain P&YiifillS 4ldehqde had* 
length Normal TCA Nor ma1 TCA icormdl TCA 

Whole plants were grown m solution culture with and wlthout TCA 10e4 M. At this 
concentration TCA IS quite specific for Its effect on the wax surface, which 1s converted 
to a glossy one visually similar to that of the mutants gl, or gl,. At higher concentrations 
growth malformations and mhlbltlons occur The total wax yield per umt area of surface 
from treated plants was 0 27 mgcm-’ and from correspondmg normal ones. 

0.67 mg cm- ’ The effect of TCA on dlstrlbutlon of alkane cham lengths 1s apparent from 
Table 3 The change IS small, but reproducible. TCA Induces a shght but perceptible 
change m the content of Cz4 m comparison with CLi which becomes rclatlvely much 

greater in the treated plants This effect IS quite sunllar to that of both gl, and gl,,’ 
although less marked quantitatively. Exammatlon of the free acid fraction showed that the 
chain length distribution was altered using TCA The mam change concerned the C,,, acid, 
which was much reduced relative to C 7h and Czs, the other two main components (Table 
3) Aldehydes were simdarly. but less affected. 

The gross composltlon 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 varied from 33:;) m normal wax to 29”:~ wax from TC’A-treated plants Thus TCA at 
0.1 mM mhlblts the synthesis of all wax components over an extended period of uptake 
from culture solution Prehmmary tests showed that 1 mM TCA was completely mhibltory 
to growth. Since uptake and transpiration would be expected to accumulate the com- 
pound, some detoxification IS probably involved m uptake from the 0 1 mM solution so 
that the internal cone would be mtermedlate between 0.1 and 1 mM. 

The effect of TCA on incorporation of acetate-I-‘“C into wax was extensively mvestl- 
gated; the tissue was sliced and washed extensively with buffer solution and then shaken 
with buffer contammg the appropriate concentration of TCA for 1 hr before mtroducmg 
the radioactIve substrate Subsequent analysis of the effect of TCA concentration on wax 
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labellmg was found to correlate to some extent with chain length and this is summarized 
m Table 4. The components of CSO chain length are obviously the most affected by inter- 
mediate concentrations of TCA whilst the Czh and CJ4 fatty acids show a clear tendency 
to accumulate. There is a sharp cut-off in chain length selectivity between @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 Cz9 compounds and 
primary alcohols and esters as has been described for other work m peas.g In these exper- 
iments with chopped tissue the trends for all wax components, apart from the exceptions 
noted, were similar. TCA appears to reduce total extractable wax by 60% 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. 

TABLE 4 THE EFFECTOFTCA ON LABELLING OF WAX COMPONENTS BY 

ACETATE-~-'4CEXPRESSEDAS~00FCONTROLWlTHOuT TCA 

Wax components 
Trlchloroacetlc acid (mM) 

04 06 08 10 

Cz9 + CA0 acid + 
C30 aldehyde 91 83 63 24 
C30 acid + 
C& aldehyde 100 12 59 19 
Cz8 acid + 
Czs aldehyde 104 91 80 35 
CZh acid 106 115 130 62 
Cz4 acid 95 110 101 55 
Esters 90 102 14 49 
Primary alcohols 87 78 68 36 

2 g tissue was exposed to 10 PC acetate-l-‘4C for 3.5 hr Total cpm 
m controls-C,, + C&, acid + CXo aldehyde, 6 2 x 105, C30 acid + 
C,, aldehyde, 1 28 x 105, C,, acid + aldehyde, 101 x 105, C,, acid, 
3 25 x 104, Cl4 acid, 2 4 x 104, esters, 9 9 x 104, alcohol, primary 
161 x lo5 

A direct comparison between TCA effects and those of gl, in cauliflowers and gl, in 
kale shows that both appear to strongly affect a process somewhere in the elongation step 
Cz8-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 phenotyplcally slml!ar. Free acids accumulate 
m experiments with the gl, and with TCA-treated leaf tissue. 

Previous work” on TCA dealt with whole leaves and showed very specific effects on 
Czg compounds; this kmd 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 mterfere 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 CS2 
aldehyde of peas using chopped leaves.g Both growth of the plant in uiuo using TCA at 
concentrations which do not inhibit growth, and experiments WI ultra using acetate-14C 

I1 KOLATTUKUDY,~ E (1965) Blochemtstry4,1844 
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labelhng, lead to the concluston that TCA affects later elongation steps somewhat selectr- 
vely, without causing much change m the final wax composrtion The C,, acyl group pre- 
sumably reaches a low level in the TCA-treated tissue whrch IS Just enough to shghtly slow 
down Cz9 biosynthesis relatrve to other components. In thus respect the action of gl, 1s 
much more spectfic than TCA (see Table 1). This mutatton does not affect primary alcohol. 
ester, or aldehyde synthesis, and causes accumulatron of labelled free acrds m 111 Crtro ex- 
periments. Although the mam aldehyde of normal B olerucea can be CZR or CA,,. mhrbitton 
of elongatron m gl, causes aldehyde to accumulate mamly rn the C,, component 

EXPERIMENTAL 

For culture soln growth studres, the sodmm salt of TCA was added to Hoagldnd’s uoln as d cone IO _A M 
The plants grown with TCA III the culture soln showed no growth abnormalmes and grew at the sdme rate ‘I\ 
untreated plants The effect on the waxy surface W‘LS specrfic In soln culture, BI U.\~IUI could not tolerate ‘I cone 
lo-’ M Wax was extracted when the plants were at the h-leaf state Most other tcchnques MC’IC a\ pecrousl~ 

described ’ TCA was added as the sodmm salt to trr t;tfro mcubatrons of tissue slices T~ssuc sltces treated vvnh 
TCA were given pre-treatment of 60 mm before adding substrate Tcmperdture was controlhi h) a H,O blth at 
35’ Temperature m the flasks was momtored dnd drd not vary by >O 5 0 02 M brcnr bondte was mcludcd m 
the buffer solutron used for mcubatlon, smce It was found that this procedure did maxrmr\e elongation. and with- 
out It, drfferences could be partly obscured In the tissue slice method some dtffercnces rn tncorpordtron patterns 
occur from usmg whole leaves wrth petloles drpped m substrate Wrth chopped le‘ivcs more aidehyde and more 
actd 1s formed than m whole leaves In results of a typical expcrlment acetate-l- “C was mcorporated mto the 
various maJor wax components with the followmg percentage drstrlbutlons. using leaves of the sdme cage from 
the same plant ~~ M/l& Irrrurs acid, 0 7”,,. prunary alcohol. 4 I”,,. secondary &ohol. 103”,,. aldchydc. 7 9”,,. 
ketone, 22 4”/;, ester. 6 2” ,G, paraffin, 47 5% T~sur sitcrs dcrd. 4 I”~,,, primary alcohol 8 O”,,, secondat y alcohol. 
7 4%, aldehyde, 19 9%, ketone 16 97;. ester, 9 2y0, paraffin. 35 7”); There 1s d bras m favour of lnbelled acids 
and aldehydes m tissue shces However the mcorpordtton patterns wrthm these components were not changed. 
and the efficiency of acetate-l-14C mcorporatton IS much greater usmg ussue shccs 
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