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Abstract—The composition of intact leaf epicuticular wax esters of two individual genotypes each of kale and
swede grown indoors (I) and outdoors (O) at SCRI, Scotland, and outdoors at Widenswil in Switzerland (S),
were determined by GC-mass spectrometry. For all genotypes (I, O, S) esters were found to consist of
unbranched (n-) and branched anteiso- (a-) and iso- (i-) components in the a:a, a:i, i:a, a:n, n:a, n:n and i/n:n/fi
acid-alcohol combinations. Esterification was non-random, #:n and doubly branched br-/br- combinations
were favoured over mixed n-/br- combinations. Combinations with extremes of acid and alcohol chain-length
were generally uncommon, although longer-chain alcohols were more predominant in some swede esters. There
were considerable compositional differences between indoor-grown plants (I) and those grown outdoors (O
and S). In general, i:n/n:i, i:a and a:i esters were relatively more abundant in (O and S) and #:rn and »: a esters
were more abundant in (I), whereas a:n and a:a esters were of similar abundance in all (I, O and S). Generally,
(I)-grown plants were found to have proportionally more esters of longer chain-length and (O, S)-grown plants
proportionally more esters of shorter chain-length. For kale a:a, n:n, a:n and »:a esters, this was particularly
related to variation in alcohol chain-length. There were also major compositional differences between kale and
swede esters, long-acid—short-alcohol combinations were more prominent in the former, while short-acid-long-
alcohol combinations dominated in the latter. © 1997 Elsevier Science Ltd. All rights reserved

INTRODUCTION report included a detailed compositional analysis of
all epicuticular wax components identified, other than
the intact wax esters and free primary alcohols, and,
herein, we present the data for the latter.

In most species, epicuticular wax esters usually con-
sist of straight-chain (n-) fatty acids esterified to n-
fatty alcohols [3—6]. However, in brassicas, most wax
esters are branched-chain (br-) compounds, with
branches in the acid and alcohol moieties, which were
identified originally as anteiso- (a-) and iso- (i-) com-
pounds following hydrolysis of the esters [7-10]. These
br- components, together with n-acids and alcohols,
give highly complex mixtures of unbranched, singly-
and doubly-branched esters, of which there are nine
possible different structural combinations. In earlier
studies, the structures of intact esters were not deter-
mined because of the difficulty of introducing them
into a mass spectrometer over the temperatures
required for their separation by GC [7-9]. Advances
in technology have simplified the analysis and we
recently described methodology for analysis of intact
brassica wax esters [10], which were found to consist
of complex mixtures in the range C,,—C,. On analysis
* Author to whom correspondence should be addressed. by GC or GC-mass spectrometry, most chro-

Epicuticular waxes protect plants from disease and
pests, and are of particular significance in plant-insect
interactions, such as predation of the Brassicae by
root fly {1, 2]. The swede (Brassica napus var. rapifera)
genotypes Doon Major and GRL, and kale (Brassica
oleracea var. acephola) genotypes Fribor and DGC
show a range of resistance and susceptibility to the
turnip root fly (Delia floralis) [1]; we recently described
the effects of environmental conditions on the com-
position of their epicuticular waxes [2]. Plants were
grown indoors (I} and outdoors (O) at SCRI, and
outdoors (S) at Widenswil in Switzerland. Waxes
from (O and S)-grown plants had more alkanes, octa-
cosanoic acid, primary alcohols and long-chain esters,
but less aldehydes, ketones, ketols and secondary alco-
hols than waxes from (I)-grown plants. Outdoor-
grown plants also had proportionally more com-
pounds of shorter chain-length and (I)-grown plants
more compounds of longer chain-length [2]. Our
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Table . Chemical composition of epicuticular waxes from leaves of kale genotypes Fribor and DGC, and swede genotypes
Doon Major and GRL*

Fribort DGCt GRL*Y Doon Majort
I O S I (0] S I O S | (6] S
Main group} 87770 79.73 8594 8574 8179 87.64 8575 80.73 85.18 83.11 74.08 85.49
(n-acyl +1.12 +0.15 +0.12 +1.50 +1.72 £2.20 +0.68 +1.62
derived)
Primary} 0.92 .36 1.07 1.15 1.56  2.24 0.52 1.04 1.18 0.60 1.49  0.89
alcohols +0.05 +0.05 027 +0.42 +0.02 +0.01 +0.00 +0.08
Esterss 8.79 1607 909 1132 1462 856 11.81 1624 11.10 13.94 2273 11.28
+0.29 +0.59 +0.50 +0.89 +1.97 +1.86 +0.75 +1.26

* 1, grown indoors (glasshouse, SCRI); O, grown outdoors (SCRI); S, grown outdoors (Switzerland).
+Results of two replicates (I and O), percentage composition values given are based on capillary GC peak areas;

compounds were identified by GC-MS.
1 Values taken from ref. [2].

matographic peaks contained several compounds, and
individual esters were identified from the ions
[RCO,R’]™ and those [RCO,H,]" derived from the
acid moieties by McLafferty rearrangement [10).
Additional evidence came from consideration of all
acid-alcohol  combinations and their chro-
matographic relative retention times in terms of equi-
valent chain-lengths [10]. All possible ester structures
are clearly identified, except for i:n and/or n:i acid—
alcohol combinations, which co-elute on GC, but can-
not be distinguished from mass spectral data, and the
i:i combinations, which are not detected [10].

RESULTS AND DISCUSSION

Chromatographic separation of kale and swede
epicuticular waxes, following TMSi derivatization,
gave two groups of peaks. The first (R, 23-34 min)
included alkanes, ketones, aldehydes, primary and
secondary alcohols, z- and f-hydroxy ketones and an
acid, while the second group (R, > 40 min) were the
wax esters [2, 10]. The overall composition of the
brassica epicuticular waxes, divided into the main
group of wax components (total non-ester n-acyl
derived compounds) [2], total free primary alcohols,
and total esters, are shown in Table 1.

The results of the initial analysis of the brassica wax
esters by GC are shown in Table 2; individual GC
peaks, each containing several esters, are identified by
a letter (a, b, ¢, d...p), corresponding to their order
of elution as used in our previous study [10]. Capillary
GC peaks a, f/e, k/j and o contained i:» and/or n:i
esters and a:a esters [Table 2(A)]; peaks b, g and 1
contained »:n esters [Table 2(B)]; peaks ¢, h and m
contained 7i:a and a:/ esters [Table 2(C)]; and peaks d,
i, n and p contained »:a and a:n esters [Table 2(D)].

Individual esters present in each GC peak were
identified and quantified by GC-mass spectrometry
using the method described previously [10]. Details
for the 37 major esters are shown in Table 3, arranged
according to structural type. The i:n/n:i esters are
shown in Table 3(A1), a:a esters in Table 3(A2), n:n

esters in Table 3(B), i:a esters in Table 3(C1), a:iesters
in Table 3(C2), n:a esters in Table 3(D1) and a:n
esters in Table 3(D2). Individual esters are arranged
in order of increasing acid moiety carbon number,
then esters with the same acid are arranged in order
of increasing alcohol moiety carbon number. Details
of a further 17 esters identified and quantified as minor
components are omitted from the tables, although
their identities are listed in the table footnotes. Per-
centage distributions of the individual acid and alco-
hol moieties comprising these esters (derived from
Table 3), and individual free alcohols of each struc-
tural type, are shown in Table 4. Percentages of total
esters, acid and alcohol moieties and free alcohols are
shown in Tables 5(a—), respectively.

Epicuticular wax ester composition

The most abundant individual esters found in the
brassica waxes and the major component acid and
alcohol moieties, irrespective of species or environ-
mental growth conditions, are shown in Fig. 1. Over-
all, a:a esters were most abundant (35.9-54%) with
n:a (18.4-33.9%), n:n (3.7-12.1%), a:i (2.7-9.5%),
a:n(4.1-8.8%), i:n/n:i (1.4-6.6%) and i:a (0.3-3.8%)
compounds making up the remainder. Anteiso-acids
(49.4-69.3%) and alcohols (64-77.2%) and n-acids
(23.344.4%) and alcohols (8.4-19.5%) were the
major components with i-acids (0.3-3.8%) and alco-
hols (2.7-9.5%), and i/n-acids and »/i-alcohols (1.4—
6.6% each) as minor components. The overall dis-
tribution of individual esters and their component
acid and alcohol moieties were similar to those
reported previously for various brassica species [7—
10].

Effects of environment on wax ester composition

Statistical analysis of the capillary GC data (Table
2) indicated that there were significant differences in
wax ester composition between (I)- and (O, S)-grown
plants, irrespective of genotype and species. Com-
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Table 4. Percentage composition of individual acid and alcohol moieties in epicuticular wax esters, and free primary alcohols
from leaves of kale genotypes Fribor and DGC, and swede genotypes Doon Major and GRL*

GRLT Doon Majorf
S I 6] S I o S

Fribort DGCt
C, I o S 1 O
Acid moiety?
als 0.26 0.16 0.35 0.36 043
al7 3547 3355 3573 3175 27.89
al9 24.65 2285 2532 2559 2646
a2l 0.95 0.71 1.33
i16 0.70 0.39 0.22 0.35
i18 0.29 2.72 245 1.21 2.37
20 0.42 0.08 0.16
nlé 18.97 17.07 14.58 1495 13.36
nl8 10.81 7.00 6.10 1299 9.58
n20 4.36 1.71 2.60 4.23 3.06
i16/n16§ 1.37 4.16 3.12 1.60 3.31
i18/n18§ 0.00 1.54 0.74 1.16 2.69
120/n20§ 0.04 0.12  0.25 0.29 0.56
Alcohol moiety}
a25 0.31 0.37 0.52 0.52 0.52
a2l 5746 5533 5784 60.75 55.46
39.13  28.68 19.63 1696 28.85
a29 15.25 9.65 9.18 13.07 8.67
2.17 6.62 748 1043 7.05
a3l 0.25 0.15 0.23 0.31 0.31
i24 0.27 0.31 0.35 0.08 0.21
i26 4.20 6.24 6.53 2.65 5.47
7.61 13.20 7.48 8.69 1348
289 1.00 1.81 247 1.12 1.94
6.52 10.29 1682 7.83 8.97
30 — — 0.12 0.38 0.06
tr tr Ir tr ir
n26 9.97 9.65 8.81 997 1041
26.09 2794 2710 2522 2885
n28 6.09 2.66 2.43 3.23 1.92
15.22 1250 17.76  17.39 12.18
n309 — — — 0.02
3.26 2.20 2.80 261 0.64
n26/i26§ 1.32 5.22 3.76 2.54 5.73
n28/i28% 0.09 0.60 0.33 0.51 0.83
n30/i30§ — — 0.02 — —

0.48 0.35 0.16 0.34 0.24 0.41 0.19
3592 3425 47.88 4780 3392 4530 5044
2652 1348 19.05 17.37 11.83 1798 18.63

1.28 1.05 0.63
0.26 0.60 1.00 0.56 1.36 0.87 0.65
333 0.86 1.75 242 0.48 2.11 232
0.08
1247 2541 1405 1137 2498 1327 1114
10.18 1436 g.18 1025 11.13 9.32  10.50

2.00 3.85 2.95 3.12 1.14 2.44 1.54

2.51 1.84 1.69 1.56 1.76 2.52 1.48

2.84 0.60 0.33 1.30 0.26 2.61 1.79

0.28 0.17 0.24 0.37 0.15 0.38 0.13

0.61 0.30 0.01 0.57 0.15 0.22 0.10

63.60 5326 59.12 5855 4799 5335 5771
3348 3461 2788 29.66 3833 2550 25.84
11.57  18.02 1575 17.42 1459 1784 1847
8.04 1154 1250 1441 1833 1409 1348
0.34 0.15 0.15 0.23 0.14 0.25 0.19

0.18 — — — 0.05 0.11 —

5.25 1.98 4.46 3.98 0.78 3.97 4.50
12.94 385 3.85 3.39 1.67 7.38 6.74
1.24 1.40 4.79 3.34 1.89 3.24 3.26
7.59 961 1538 1525 667 1812 2022
—_ — — — — 043 0.25
Ir tr tr tr fr tr tr
6.83 10.44 5.42 6.50 1293 8.98 6.68
2589 1538 1827 1995 1833 2080 15.73
1.46 6.91 5.03 3.69 5.49 3.70 3.53
11.16 19.23 20.19 17.80 6.67 14.09 1685
0.08 1.98 0.28 — 1.07 0.28 0.54
0.89 3.85 1.92 2.54 1.67 0.67 1.12
4.02 1.83 1.85 2.14 1.43 3.38 2.06

0.83 0.60 0.37 1.05 0.55 1.74 0.86

0.78 0.18 0.04 0.04 0.19 0.13 0.48

*1, grown indoors (glasshouse, SCRI); O, grown outdoors (SCRI); 8, grown outdoors (Switzerland).

+ The values shown are based on the distribution of individual esters as shown in Table 3 including those minor components
(data not shown) listed in the table footnotes. Also found in minor quantities were i-Cs; (0.01%) and a-Cs; (0.03%) alcohol
moieties from Doon Major (O). Values shown in italics are for free primary alcohols.

1 i, iso-branched-chain; a, anteiso-branched chain; », n-straight-chain.

§ Components of iso-acid: n-alcohol/n-acid: iso-alcohol combinations which cannot be distinguished.

9 Free primary alcohols did not fully resolve on analysis by GC, values were derived from reconstituted single ion
chromatogram (SIC) peak areas for [M-15]" on GC-MS analysis.

parison of the distribution of the esters, and their
component acids and alcohols (total and individual)
under the different environmental conditions, was
made in terms of the ratios O/I and S/I of their respec-
tive percentage compositions. If the ratio was > 1, the

component was more abundant (O) than (I), and vice
versa. Effects of environment on chain-length were
deduced from the way the ratio O/I changed with C,.
For example, if O/1 diminished with increasing C,,
then longer chain-lengths were relatively more abun-
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Table 5. Total esters, acid and alcohol moieties of each structural class in epicuticular waxes from leaves of kale genotypes
Fribor and DGC, and swede genotypes Doon Major and GRL*

Fribort DGCt GRLY Doon Majort
1 0] S 1 (0] S I o S 1 (o) S

(a) Esters}
iin§ 1.41 6.22 4.11 3.05 6.56 5.63 2.61 2.26 3.23 217  517f 340
n:i 141 6.22 4.11 3.05 6.56 5.63 261 2.26 3.23 2.17 517 3.40
n:n 10.20 6.81 4.89 8.03 6.64 426 10.53 4.32 398 1211 5.03 3.67
—578 —368 —296 —470 —379 226 —901 —-287 —-267 -—-868 —-341 =272
ita 0.29 384 2.84 1.51 2.88 3.59 1.46 275 2.98 1.84 3.06 2.97
—022 —-292 —-218 —123 —220 300 —111 =217 —-243 —137 —-237 —238
a:i 5.47 8.36 9.47 423 7.68 6.67 3.38 9.25 7.32 2.72 7.76 8.01
—348 —549 —667 -—-2.66 —506 —460 —175 —651 —517 —145 —-530 =577
n:a 2394 1897 1839 2506 1945 2039 33.86 21.15 20.76 2631 19.62f 20.23
+26.39 1960 1783 2689 1995 2058 3380 20.13 2015 2853 19.06 19.16
a:n 5.86 5.50 6.35 517 5.7 4.11 8.80 6.41 6.21 7.38 7.06f 7.26
+10.23 +808 +792 +829 +814 +578 +1002 +7.55 +7.19 +10.39 +8.26 7.87
a.a 49.04 4269 4654 49.00 4272 52,14 37.18 5142 53.03 3588 44.93f 53.99
46.66 4299 47.76 4745 4290 5254 3759 53.02 5420 34.14 46.19 5561

(b) Acidst
a- 60.37 56.55 6236 5840 56.11 6292 4936 67.08 6656 4598 59.75 69.26
i- 0.29 3.84 2.84 1.51 2.88 3.59 1.46 275 2.98 1.84 3.06 2.97
n- 34,14 2578 23.28 33.09 2609 2465 4439 2547 2474 3842 2465 2390
i/n-§ 1.41 6.22 4.11 3.05 6.56 5.63 2.61 2.26 323 2.17 5.17 3.40

(c) Alcohols}

a- 7323 65.50 67.77 7557 65.05 76.12 7250 7532 7677 64.03 67.61 77.19
4130 3530 2711 3739 3560 41.52 46.15 4038 4407 56.66 39.59 39.32
i- 5.47 8.36 9.47 4.23 7.68 6.67 3.38 9.25 7.32 2.72 7.76 8.01
1413 2349 2430 16.52 1143 20.53 1346 19.23 18.64 834 2550 26.96
n- 16.06 1231 1124 1320 1235 837 1933 1073 10.19 1949 1209 10.93
44.57 4264 4766 4522 4167 37.94 3846 4038 3729 36.67 3556 3370
iln-§ 1.41 6.22 4.11 3.05 6.56 5.63 2.61 2.26 3.23 2.17 5.17 3.40

*1, grown indoors (glasshouse, SCRI); O, grown outdoors (SCRI); S, grown outdoors (Switzerland).

+ The values shown are based on the distribution of individual esters (Table 3) and ester acid and alcohol moieties (Table 4).
Values shown in italic for esters are the expected distribution of total esters following random combination of acid and alcohol
moeities, based on values for individual components in Table 3. A negative sign means less expected than found, a positive sign
means more expected than found (difference > + 10%). Values shown in italic for alcohols are for free primary alcohols.

1 Acid-alcohol combinations; i, iso-branched-chain; @, anteiso-branched chain; n, n-straight-chain.

§ Components of iso-acid: n-alcohol/n-acid: iso-alcohol combinations which cannot be distinguished.

dant (I) than (O), and vice versa. Such values were
calculated for all components but are not shown.

Intact wax esters

Total esters. As total esters, the structural classes
were differentiated under the different conditions
[Table 5(a)]. Most i:n/n:i, i:a and a:i esters were more
abundant in (O and S) than in (1), #:n and n:a esters
were more abundant in (I) and a:n esters were of
similar abundance under all conditions. However,
some swede (GRL) i:n/n:i and a:n esters were more
abundant in (I). Amounts of a:a esters were greater
in (I) for kale, but were greater in (O, S) for swede.

Individual esters. The GC data for the kale a:a plus
irn/n:i, n:n, itafa:i and n:afa:n ester groupings
[Tables 2(A-D)] indicates that, in general, longer
esters were relatively more abundant in (I) than in
(O). Similar effects were also seen for some swede wax
ester groupings. Variation in ester length arise from

changes in the length of the alcohol and/or acid moiet-
ies, and the extent to which these were effected by
environment can be deduced from the data for indi-
vidual esters. On this basis, individual kale esters were
clearly differentiated into two groups.

a:a, n:n, a:n and n:a esters. In general, individual
kale a:a, n:n, n:a and a:n esters were more abundant
in (I) than in (O) [Tables 3(A2), (B), (D1), (D2)}, as
for total esters [Table 5(a)], and for esters with the
same acid their abundance in (I) relative to (O)
increased with length of alcohol. For esters with the
same alcohol, changes in acid length distribution
under the different conditions were more varied. Pat-
terns for (S) and (O)-grown plants were generally simi-
lar.

Variations in the alcohol chain-length distribution
between (O) and (I) for some swede n:a and a:n esters,
particularly those from DM, were similar to those
of kale; otherwise there were no distinct patterns in
relation to acid and alcohol chain-length.
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Fig. 1. Major components of long-chain esters, and acid and alcohol moieties of esters, in epicuticular wax from leaves of

kale genotypes Fribor and DGC, and swede genotypes GRL and Doon Major. Esters have acid-alcohol combinations as

shown, with -, anteiso-branched chain, i-, iso-branched chain, and #-straight chain acid and alcohol moieties. The upper
and lower values show the range of values found across all species and genotypes, under all environmental conditions.

i:n/n:i, i:a and a:i esters. Individually, i:n/n:i, i:a
and a:i esters were relatively more abundant in (O
and S), than in (I) [Table 3(Al), (C1), (C2)}, as for
total esters [Fig. 5(a)], with the exceptions of some
swede i:njn:i, a:i and a:i esters and some kale i:a
esters. Effects of environment on the distribution of
acid and alcohol chain-lengths in (O and S) relative
to (I), were more varied for these ester classes than for
the a:a, n:n, n:a or a:n esters; no clear patterns were
evident.

The overall effects of environmental variation on
the distribution of the wax esters is dependent on the
combined effects of environment on the two principal
stages of ester synthesis, namely formation of the pre-
cursor acid and alcohol moieties, and the esterification
process itself. These possibilities were examined as
follows.

Formation of wax ester precursors. The n-com-

ponents of wax esters are formed by addition of C,
units to a C, precursor (acetate) in the synthesis de
novo of acyl chains up to C,,—C s, followed by chain
extension up to ca C5—C,, (n-acids) and ca C,—Cs, (n-
alcohols) [2, 11-13]. Formation of these components,
along with the free primary n-alcohols found in the
wax, is believed to involve an elongation—decar-
boxylation—oxidation-reduction (EDOR) system sep-
arate from that which produces the non-ester n-wax
components [2, 14-16]. Evidently, the i- and a-com-
pounds which are the major wax ester components in
the brassicae, are similarly synthesised from C, (from
valine) and C; (from isoleucine) precursors, respec-
tively; this may involve a different EDOR system to
that producing the r-ester components [2, 7,9, 10, 17,
18]. Variation in environmental conditions may have
several effects, including changes in the relative pro-
portions of the n-, i- and a-ester components, and
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changes in their chain-length distribution, as found
previously for the non-ester n-components of these
waxes [10].

The distribution of acid and alcohol moieties of
each structural type changed under the different
environmental conditions. In terms of total acid and
alcohol moieties, a-acids and alcohols were of similar
abundance in esters under all environmental con-
ditions (O, S and I), except for swede, where a-acids
were more abundant in (O and S) than in (I) [Tables
5(b and c¢)]. In general, i- and i/n-acids and alcohols
were more abundant in (O and S) than in (I), while
the n-acids and alcohols were more abundant in (I).
Overall, there were more br-acid and alcohol moieties
in (O, S) and more n-moieties in (I). These variations
probably reflect differences in the availability and/or
utilisation of the C,, C, and Cs precursors of the n-
and br- acyl CoA chains from which the acid and
alcohol moieties were derived [2, 7, 9, 10, 17, 18].

As suspected, the chain-length distributions of indi-
vidual acid and alcohol moieties changed under the
different environmental conditions {Table 4). The gen-
eral increase in abundance of longer chains in (I) rela-
tive to (O), seen for kale and swede r-alcohols and
kale n-acids, mirror those seen for the n-non-ester wax
components [10]. This points to a similarity between
the EDOR systems producing #n-ester and non ester
components, and may suggest a common origin for
both. Similarly, increased abundance of longer chains
in (I), relative to (O), was seen for some br- moieties,
noticeably kale a-alcohols, some i-alcohols (kale,
DGC) and n/i-alcohols (kale, DGC and swede, GRL).
Conversely, longer chains were relatively more abun-
dant in (O) than in (I) for most i-acids, #-acids (swede),
and some i-alcohols (kale, Fribor and swede, Doon
Major) and #n/i-alcohols (kale, Fribor). Other patterns
were less distinct, although mid-length chains were
relatively more abundant than the shorter and longer
chains in (I) than (O) for some a-acids (kale, DGC
and swede, Doon Major), i-acids (kale, Fribor),
n-alcohols (kale) and i/n-acids (swede, GRL). Con-
versely, they were relatively more abundant in (O)
than (I) for a-acids (swede, GRL), i-alcohols (kale,
Fribor and swede, GRL), n-alcohols (swede, GRL),
ifn-acids (kales and the swede, Doon Major) and #/i-
alcohols (swede, Doon Major). Patterns of variation
for (S) and (O)-grown plants, relative to (I)-grown
plants, were generally similar, although there were
differences, particularly for br-moieties.

The a-C,; and C,, acids and C,; and C,, alcohols,
and the i-, #n- and i/n-C; and C,; acids and C,, and
C,; alcohols contributed most to the overall dis-
tribution of total acids and alcohols [Tables 5(b and
o).

These observations suggest that the EDOR chain-
length specificity is more variable for br- than n-pre-
cursors under the different environmental conditions,
and may be evidence for different systems with speci-
ficities for »- and i- and a-substrates, respectively.
Comparison between the distribution of individual

acid and alcohol moieties of the same structural
classes (Table 5) showed similarities for some (n-com-
pounds, kale; ¢- and i-compounds, swede), but differ-
ences for others (n-compounds, swede; a- and i-com-
pounds, kale). This suggests differences in the chain-
length specificity or activity of the elongation systems
giving rise to C,—C,, acids and C,s—C;, alcohols
respectively; such differences appear to be structure
and species related.

Esterification. Currently, little is known about the
esterification process. Three mechanisms proposed for
B. oleracea are direct esterification of fatty acids with
alcohols, transfer of acyl groups from phospholipids
to alcohols, and acyl transfer from acyl-CoA to alco-
hols [11]. Reaction of alcohols with aldehyde equi-
valents, derived from acyl chains by reduction, is also
a possibility [11]. Esterification may be sensitive to
acid and alcohol chain-length, and the distribution of
esters may differ from that for random combination
of acids and alcohols [11, 14, 19]. In wild-type maize,
the combination of mid-range acids and alcohols was
preferred at the seedling stage; but for young and
mature plants the preference was for shorter acids
with longer alcohols [14]. The latter acid/alcohol com-
bination was also reported for pea wax esters [11, 19].
Formation of Brussels sprout wax esters was reported
to favour involvement for br- over n-alcohols, leading
to an enrichment of the latter in the free primary
alcohol pool [7]. However, the composition of the
intact esters could not be determined with certainty,
therefore this possibility requires further inves-
tigation. In our previous study of swede wax esters,
the combination of acids and alcohols was generally
non-random, although the distribution of the major
components, the a:a combinations, was close to that
predicted for random combination [10].

Selectivity of acid-alcohol combination within kale
and swede wax esters. Esterification selectivity was
evaluated by comparison of the measured dis-
tributions of individual and total wax esters, with
those expected for random combination of acids and
alcohols. The latter were calculated from the data for
acid and alcohol moieties (Table 4) and are shown (in
italics) in Tables 3 and 5, respectively, alongside the
experimental values. Predicted abundances were cat-
egorised as less than (negative sign), or more than
(positive sign), or close to (no sign) those measured
experimentally.

For total esters of each class, a consistent picture
emerged for all genotypes under all environmental
conditions. Measured concentrations of n:n, iza and
a:iesters were greater than those expected for random
combination, amounts of a:n esters were less than
expected, and those for n:a and a:a esters were close
to random. Anteiso-alcohols were depleted in the free
primary alcohol pool, while the #- and i-alcohols were
enriched [Table 4(c)], a pattern similar to that reported
previously for Brussels sprouts [7]. These observations
indicate a clear non-random preference for certain
combinations. The relative preference for n:n and
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doubly br- esters over mixed br-/n-esters is of par-
ticular note, and may suggest the operation of differ-
ent esterification systems with primary specificities for
br- and n-substrates, respectively, but which display
also a degree of cross-over.

Comparison between data for individual esters
(Table 3) revealed the apparent chain-length require-
ments for individual acids and alcohols during esteri-
fication. For comparison of esters of different struc-
tural types, the longest continuous carbon chains (CL)
in each acid and alcohol moiety were used. These are
one and two carbons less than the carbon number (C,)
for singly and doubly br- esters, respectively. Esters
were categorised as favoured (Table 3, superscript f)
if the observed abundance was greater than or close
to that expected for random combination, or as dis-
favoured (Table 3, superscript d) if the observed abun-
dance was less than expected or if the ester was not
detected. In some instances, a particular ester was
mostly favoured or disfavoured across the different
genotypes and growth conditions. In other cases, the
overall categorisation was less clear, and is considered
indicative of a chain-length limit, where esterification
becomes less favourable. Comparison between esters
of similar type with the same acid, but with alcohols
of different lengths, or vice versa, also suggested
apparent upper and lower limiting values for C, and
CL, for both acids and alcohols. These are represented
in Table 3 by underlined acid or alcohol moiety carbon
number and chain-length.

For doubly br- esters, the optimum continuous
chain-lengths were 42, 44 and 46 (C,4, Cisand Cys a:a
esters), and 41 and 43 (C,; and C,; i:a and a:i esters).
Most acid-alcohol combinations were favoured.
However, those with extreme lengths of acid or alco-
hol and some with the shortest acids (¢:a and a:i
esters) were disfavoured, especially for kale, while for
swede longer chain-lengths were more favoured. For
both species, alcohols of longer chain length were
more favoured within a:a esters than i:a esters.

Optimum chain-lengths for singly br- esters were 41
and 45 (C,, and C, i:n/n:i esters) and 42, 44, 46 (C,;,
C4s and Cg; n:a esters). Additionally 43 (Cy itn/n:i
esters) was favoured for kale but not swede. As with
doubly br- esters, extremes of acid- or alcohol-length
were generally disfavoured for kale, but were more
favoured for swede, and n:a esters with the shortest
alcohol were also disfavoured for both species. All a:n
esters were generally disfavoured, although com-
binations with acids and alcohols of mid chain length
were relatively more favoured, especially for swede.

The optimum CL for unbranched n:n esters were
42, 44 and 46. As with the other ester classes, extremes
of acid- and alcohol-length were disfavoured for kale
but were more favoured for swede.

From comparison between the data for the different
structural classes, the optimum ranges of CL are 41—
46 (kale) and 41-48 (swede) for the esters, 16-20 (kale
and swede) for the acid moieties, and 24-28 (kale) and
24-30 (swede) for the alcohol moieties. Ester for-

mation appears to have a particular sensitivity to the
structure and length of the alcohol moieties.

The apparent preference for certain acid-alcohol
combinations, in relation to both structural type and
chain-length, was essentially independent of genotype,
species and environmental conditions. Variation in
ester composition between the different growth con-
ditions, between species, and between genotypes
within a species, must therefore depend primarily on
differences in the abundance of the acid and alcohol
moiety precursors supplied to the esterification
process.

These results, particularly for kale a:a, n:n, a:n and
n:a esters, indicate that the distribution of individual
esters under the different environmental conditions is
greatly influenced by alcohol chain-length. This evi-
dently arises from the greater sensitivity of the esteri-
fication process to length of alcohol than to length of
acid in combination with the regular variation in the
chain-lengths of the acid and alcohol precursors, par-
ticularly the latter, under the different environmental
conditions.

Statistical analysis of the GC data indicated that
there were also significant intra- and inter-species vari-
ations in wax ester composition between plants grown
under the same environmental conditions. Intra-spec-
ies variations were evaluated in terms of the ratios
F/DGC (kale) and GRL/DM (swede) of their per-
centage compositions, and inter-species variations
(kale/swede) in terms of F/GRL, F/DM, DGC/GRL
and DGC/DM.

Intra-species differences

There was little variation in the distribution of total
esters or acid and alcohol moieties between the geno-
types of each species, with the exception of some
i:njn:i, i:a, and a:n esters, i- and i/n-acids and n/i-
alcohols [Tables 5(a—c)]. Although there was some
variation in the chain-length distribution of individual
acids, alcohols and intact esters, no clear patterns were
evident.

Inter-species differences

Total esters. Kale and swede were clearly differ-
entiated in terms of total esters [Table 4(a)], par-
ticularly for (I)-grown plants. Most noticeably, thc
a:a and a:i esters were more abundant in kale than
swede in (I), the n:a and a:n esters were generally
more abundant in swede than kale in (I, O and S).
Whereas, total i:n/n:i, i:a and s:n esters were gener-
ally more abundant in kale wax than swede in (O and
S), this was reversed in (I).

Individual esters. The most striking feature to the
variation in wax ester distribution between kale and
swede was that there were proportionally more esters
with longer alcohols in swede wax relative to kale,
although the reverse was seen for some ester group-
ings, principally in (I and S). Esters with longer acids
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were relatively more abundant in kale wax than swede
for all kale a:a, a:n, i:a, most a:i and some n:n, n:a
and i:n/n:i esters, while for some n:n, n:a and i:n/n:i
esters groupings the reverse was seen.

Total acid and alcohol moieties. The major inter-
species differences were found for g-acids (I), i-acids
(0), n-alcohols (O) and i/fa and/or alcohols (O, S)
which were more abundant in kale esters than swede,
whereas in (I), i-acids, and r-acids and alcohols were
more abundant in swede esters than kale [Tables S(b
and ¢)].

Individual acid and alcohol moieties. In general, data
for the individual i-acids, most g-acids, some n- and
i/n-acids and most individual i, a- and #-alcohols
shows that the longer wax ester acid precursors were
more prevalent in kale than swede, whereas the longer
alcohol precursors were more prevalent in swede than
kale.

Overall in (I), there were more br -ester components
in kale, and more n-components in swede, while in (O
and S) levels of br- and n-components were closer
in both species (O, S). Kale wax esters had higher
proportions of the longer acid moieties and long acid—
short alcohol combinations, and swede esters higher
proportions of the longer alcohol moieties and short
acid—long alcohol combinations. This is further evi-
dence for variation in both the availability and use of
the precursors to the n- and br- acyl CoA chains, and
in the activities/specificities of the respective elon-
gation systems from which they were derived, and also
of the apparent sensitivity of esterification to alcohol
length, particularly for swede, where longer alcohols
are more favoured [2, 7,9, 10, 17, 18].

A number of conclusions can be drawn about wax
ester synthesis in kale and swede. Separate EDOR
systems are likely for synthesis of n- and br- ester
precursors; the former is related to that producing n-
non ester components. During elongation of r- and
br- acyl CoA chains from, e.g. Cy4, each sequential
addition of C, is probably mediated by a separate
enzyme system, particularly for the steps C,s-Cg, Cis—
Cy0, Cy0—Csa, Cy—Cys and C,—C;, (0r equivalent for
br-chains). This is in accord with previously studies
with leek epidermal cells, Brassica, Arabidopsis and
barley [8, 9, 13, 20]. Changes in the activities of these
elongation components would explain the environ-
mental and inter-species variations in chain-length
distribution found for kale and swede. At least two
esterification systems are present, with primary speci-
ficities for n- and br- precursors, and which show a
general preference for mid-range acids and alcohols.

EXPERIMENTAL

Plant growth and epicuticular wax collection. Details
of plant growth and sample collection are given else-
where [2].

Sample preparation and analysis by GC and GC-MS.
Details of sample preparation, chemical derivitiza-

tion, analytical instrumentations, chromatographic
conditions and analytical methodology are given in
ref. [10].

Statistical analysis of capillary GC data. These were
analysed by ANOVA using the Genstat 5 software
package.
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