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Abstract-The amount of wax/cm2 on expanding primary leaves of Bonus barley depends on both the 
photo- and thermoperiods in which the seedlings are grown. With a temperature cycle of 15-lo”, transfer 
of dark grown leaves to the light stopped leaf expansion and after 24 hr yielded 2.5 times more wax/cm’ 
than is characteristic for light grown leaves. This demonstrates that wax synthesis and extrusion is not 
directly correlated with leaf expansion. The relative amounts of the wax classes formed by the decarboxy- 
lation pathways (< I%), the reductive pathways (89%) or only by elongation (10%) are the same in light 
and dark. Within the reductive pathways, however, light stimulates aldehyde formation. Both environ- 
mental parameters can strongly influence the chain length composition of the wax classes. In the light 
one chain length or one group of chain lengths dominates a given wax class. In the dark two prominent 
chain lengths or groups thereof are found. The major chain length in these two groups differs by two 
or more carbons. 

INTRODUCTION 

Earlier studies have yielded conflicting results on 
the influence of light on the formation of epicuticu- 
lar wax on leaves. For example, development of 
wax structures as seen by electron microscopy on 
leaves was shown to be light dependent in the pea 
[l] but not in barley [2]. More than species differ- 
ences are involved, however. Using labelled precur- 
sors, Kolattukudy [3,4] found that light had no 
affect on the synthesis of hydrocarbons in Brassica, 
whereas Macey n] observed that light increased 
synthesis of hydrocarbons and secondary alcohols 
at the expense of aldehydes and esters. Formation 
of the ketones was almost light independent in the 
latter study. On the other hand, Netting [6], also 
working with Brassica, found that light stimulated 
synthesis of the ketones but not the hydrocarbons. 

Temperature has been shown to affect wax pro- 
duction on leaves. For example, an electron micro- 
scopic study of three ecotypes of Eucalyptus 

uiminulis Labill revealed a temperature dependent 
variation in the quadtity of wax deposited on the 
leaves [7]. Marked differences not only in the 
amount of wax but also in the structure of the wax 
bodies occurred on leaves of Brussicu nupus grown 
under different temperatures [8]. 

In the present study the influence of light and 
temperature on the synthesis of epicuticular wax 
was investigated using intact seedling leaves of 
barley in order to provide a basis for labelling 
studies of wax biosynthesis. 

RESULTS 

Amount of wax 

On leaves grown in the light at l.Slo”, the 
amount of wax/cm’ leaf remains constant (11 pg, 
s.d = 0.7 pg) from the 3rd to the 6th day after the 
leaf penetrates the coleoptile. During this time the 
leaves elongate rapidly. The amount of wax on the 
4-day-old light grown leaves is similar to that 
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reported for much older leaves ranging from 2-X 
weeks grown under similar conditions [9]. On 
leaves grown in the dark at 15.- 10” a significant in- 
crease in amount of wax/cm’ leaf occurs between 
the 3rd and 4th days whereafter the value remains 
constant at 4.5 /Lg. This value is ~YI 2.5 times less 
than that for the light grown leaves. If the tempera- 
ture in the dark is raised to 23’ ca 40’:~ more wax 
is present per cm’ leaf than at the lower tempera- 
ture. Thus both photo- and thermoperiods control 
the amount of wax found on primary leaves of 
Bonus barley. To investigate further the influence 
of light on the amount of wax synthesized and 
extruded onto the epidermis, 4-day-old seedlings 
grown in the dark at 15~~~ IO’ were transferred to the 
light using the same temperature cycle. Light in- 
creases the amount of wax on the dark grown 
leaves so that after 24 hr the total amount of waxi 
cm2 leaf is essentially the same as on the light 
grown leaves. This results from an increase in the 
rate of wax synthesis from 6 ,ug/cm’:24 hr in the 
dark to 46pg/cm’/24 hr for the first 24 hr after 
transfer to the light. Thereafter the rate of synthesis 
is 15 pg/cm’/24 hr as it is on the leaves grown con- 
tinuously in the light. 

To determine whether light influences the rela- 
tive amounts of the lipid classes composing the 

wax on primary leaves, wax from 4-day-old seed- 
lings grown in the light and dark at 15--10” was 
separated by column chromatography. In both 
photoperiods the primary alcohols are the major 
constituent (X33$ of the wax. with 10”;~ free fatty 
acids. 0.501,, hydrocarbons. CLI I,“,, aldehydes and cu 

5” 0 esters (see Table I). These values differ from 

those previously reported for barley waxes, where 
the primary alcohol content is given as 72”,, [9] 
and 15-20”/;, [IO] and the content of hydrocarbons 
as 5--7y,,, [IO]. It should be noted that in the first 
case [9] the results arc similar if one considers that 
the wax came from leaves of older plants and was 
separated into lipid classes by preparative TLC. In 
the second report [lo] the large deviation is most 
likely due to a pooling of the wax from all organs 
of the plant during isolation. From wax analyses 
[9,l 1,121 of individual organs. it is known that the 
proportion of the various classes in barley differ 
markedly from one organ to the next. 

The major free fatty acids from light grown 

leaves are Cz2. C,, and C,, which account for 797; 
of this lipid class (Table 2). For the dark grown 
leaves the same three acids dominate although to 
a lesser extent: namely. 4X”,, if grown at 15- IO- and 
56”,, if grown at 33 The decrcasc in the relative 

Table I. Light controlled synthesis of wax and its extrusion onto the surface of barley primary leaves 

Pathway* Homologues Amount 

Was class present Light (ng cm’) Dark 

Decarboaylation ( < I’:,,) 
Hydrocarbons C 2,.z.?..i 3 I6 

CZU.11.33 20 13 
Reductive (89”,,) 

Aldehydest ( 20-15 0 3 c 
cx, 175 x 

.4lCOllOlS (‘32 14s Xl6 
(I,, 415 3x2 
c,,, XI52 2107 

ESkl3J 

Elongation (lo’?,,1 

Free fatty acids C 21.24.Zh 902 204 
C 34,3<1.38 7 131 

* The figures in brackets represents the relative amount of wax formed by the given pathway. 
t 1.7’,,, of the wax in light; 03”; of the wax in dark. 
$ 4.7’!,, of the wax in light; 6.1’:; of the w-ax in dark. 
The significant differences in wax composition found on primary leaves of barley grown wrth a thermoperiod of I5 IO ( 16 S In) 

in constant light (14000 Ix) or dark are summarwed in relat)onship to the biosynthetic wax pathvvays. Total ng wax;cm’ area for 
light grown leaves amounted to 1 I 100 and for dark grown leaves to 4200. The amount of cpicuticular wax present on the surfAce 
appears to regulate via a feed-back system the amount of fatty acid wax precut-sot-s u hich cntcr the elongation system inside the 
cpidermal cells. 
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Table 2. Per cent composition of free and esterified fatty acids in leaf wax of barley grown in four different environments 

Free fatty acids Estcrified lattv acids 

Days 4 5 4 4 5 4+ I 4 5 4 4 5 4fI 

Photoperiod (hr) 24 24 . 0 0 0 0 + 24 24 24 0 0 0 0 24 + 

Thermopenod (‘C) 15-10 IS-10 15-10 23 23 23 + I5 IO 15-10 15 IO 15-10 23 23 23 15-10 + 

Carbon no 
I6 
I7 
X 
IX 
19 
X 

20 

21 
22 
X 

23 
24 
25 
26 
28 
30 
32 
34 
36 
3x 
40 

30 2.0 2.1 14.5 9.7 6.5 
0.7 4.2 

23 2.4 3-2 
4-x I.2 66 5.8 6-2 5.4 

0.2 

52 3.1 I6 2.6 4.2 3.0 
0.9 0.5 0.2 

224 22.4 I3 I 22.4 23-9 21.x 

0.4 0.8 0.2 28 3.1 0 1 
21.0 2x 2 lb3 I7 / 16.5 25 4 

2.0 36 30 I .o 14 
35-x 32.7 19.0 162 23.9 28.X 

I.2 24 I.8 12 0.7 19 
0.4 05 2.1 12 0.6 26 
0.4 0.X 2.x 2.6 I9 I.1 
06 I.5 x.3 4.3 0.4 l-8 

I I.5 2.6 
112 2.2 
3.4 

II 3 5.0 140 202 13.9 5-6 

10.7 I X.6 4-l 
19-7 12.X 40-7’ I I.4 IO.6 12-3 

15 
26 I 25.5 10-4. I23 IO.9 20.5 

02 
27.3 33.9 I38 22.6 26.3 26 1 

4-o 2.0 

4.4 66 4.4 2.7 79 5.9 
0.1 

105 16.X 16-3 IS.1 90 22.2 
1.2 I -0 

Composition was obtained by GLC; peak areas were determined using an integrator. Compounds amounting to <0,1x not 
included in table. 

X = unknowns, not belonging to a homologous series. 
* Probably contaminated. 

amounts of these three acids in the dark is com- 
pensated for in two different ways. At 15-10” C,,, 
C36 and CS8 comprise 3 1% of the total wax acids, 
but at 23” these acids account for only 9%, while 
Cl6 increases to 15%. If leaves grown in the dark 
at 23” are transferred to light at 1510” for one day 
an increase of C,, from 16 to 29% occurs, and the 
overall chain length distribution approaches that 
found for 5-day-old light grown leaves. This 
change does not result solely from the influence of 
light at l>lO”, but is partially an age effect. That 
is, for 5-day-old leaves grown in the dark at 23”, 
C,, decreases to 10% and Cz6 increases to 24% of 
the total free fatty acids. These percentage values 
lie in between those found for the 4-day-old leaves 
grown in the dark at 23” and the 5-day-old dark 
to light transferred leaves. 

The distribution of the esterified fatty acids 
(Table 2) differs greatly from that of the free fatty 
acids in all environments. The short chain acids 
C,,, C,, and C,, are present in larger amounts 
while the C14 and Cz6 acids are present in smaller 
amounts than in the free fatty acid fraction. For 
the light grown leaves the chain length distribution 
is similar to that for leaves from older plants [9] 
except for some variation in the relative amounts 
of Cz4 and C,, acids. This relationship is charac- 

teristic for this lipid class from primary leaves in 
all environments. Four-day-old dark grown leaves 
were transferred to the light at 15-10” for 24 hr and 
resulted in a shift of the chain length distribution of 
the esters toward that found for 5-day-old light 
grown leaves. Unlike the free fatty acids, however, 
part of the change cannot be attributed to age 
since the difference between 4- and 5-day-old 
leaves grown in the dark at 23” involves no shift 
or shifts in the opposite direction for CzO, Cl6 and 
the shortest unknown. 

Free and esterijed primary alcohols 

Hexacosanol is the predominant free primary 
alcohol, forming 88% of this lipid class in the wax 
from light grown leaves and 60 and 55% in that 
from leaves grown in the dark at 15-- 10 and 23”, re- 
spectively (Table 3). The ca 30% decrease of this 
homologue in the dark is accompanied by in- 
creased amounts of the C,, (20%) and Cl4 (7%) 
homologues. 

In contrast to the finding from the two fatty acid 
classes, the chain length distribution found for the 
esterified and the free primary alcohols from the 
same wax are similar. For leaves grown in the dark 
at 23” and in the light, however, the proportion of 
hexacosanol appears reduced, primarily because of 
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Table 3. Per cent composition of free and esterified primary alcohols in leaf wax of barley grown in four different rnvxonments 

Days 4 5 3 4 
Photopcrlod (hrl 24 24 0 0 
Thermopermd ( CI 15 10 15 IO I5 10 23 

Carbon no 
ih 

74 
25 
Y 

26 
X 

Composition was obtained by GLC; peak areas were determined using an integrator. Compounds amounting to <O.l”,, not 
included in table. 

Y = belonging to a second unknown homologous series. 
X = unknowns. not belonging to a homologous series. 

an unknown that elutes from the SE-30 column This indicates that, relative to the rate of synthesis 

shortly before C&. Recalculation of the distribu- of the n-esterified alcohols, the maximum rate of 

tions excluding thi: unknown, yields values for the synthesis of this unknown series is reached by the 

n-esterified alcohols similar to those of the free 4th day and then decreases. The changes in com- 
alcohols grown under the same two conditions. If position of both the free and esterified alcohols 

the leaves are grown 5 days in the dark at 23’, then observed when 4-day-old dark grown leaves are 
the unknown decreases to 21’7; and two longer transferred to the light for one day can be attri- 

members of the same homologous series as the un- buted to an increase in age. In both cases the spec- 
known appear amounting to 10% of the lipid class. trum is practically identical to that found for 5- 

Table 4. Per cent composition of aldehydes in leaf wax of barley grown in four different environments 

Days 4 5 4 3 5 -t+ I 
Photoperiod (hr) 24 24 0 0 0 0 + 24 
Thermoperiod (“C) 15.--IO I5 JO 15-10 73 23 23 + 15 IO 

Carbon no. 
<20 

20 
21 
22 

0.X 0.7 
4.0 
x.9 
3.1 
j.4 
8.7 
2.9 

65.3 

0.7 
0.6 
1.1 
3.6 
7.6 
9.1 
2.7 

57.3 
14.7 

I.5 
0.5 
6.2 
I-3 

15.3 
I ,4 

68. I 

0.2 
0.3 0.1 
3.4 1.7 
I.3 0.9 

93.2 92.5 

7.9 
3.8 

15.0 
34 

51% 

23 
24 
25 
26 
X 

27 
28 

4.4 
0.X 0.6 

3.1 
6.7 
I ..J 
3.9 

3.0 2.7 
30 
32 

Composition was obtained by GLC: peak areas were determined using an integrator. Compounds amounting to <O.I”,, not 
included in table. 

X = unknown. 
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day-old leaves grown in the dark at 23”. Thus in 
contrast to the acids, the synthesis of the primary 
alcohols with respect to their composition is not 
influenced by 24 hr light. 

Aldehydes 

Hexacosanal is the principal aldehyde (Table 4) 
and given the same growth conditions, occurs in 
the same relative amounts as does hexacosanol. 
The aldehydes differ from the alcohols, however, in 
that the ca 30% decrease of the Cz6 homologue in 
the dark compared to light is not accompanied by 
increased amounts of an unknown and Czz. In- 
stead in the dark at 15-lo”, C2,, to Cz4 and Cz8 in- 
crease while at 23” Cz2, Cz4 and Cz8 increase. 

Exposing 4-day-old leaves to one day of light at 
15-10” results in the appearance of an unknown 
amounting to 15% which elutes shortly before Cz7 
aldehyde on an SE-30 column. This unknown is 
not present in the wax of 5-day-old leaves grown 
either in the dark at 23” or in the light. Thus, the 
influence of light on the synthesis of the aldehydes 
with respect to their chain length depends on the 
age of the leaves when they are exposed to light. 

Hydrocarbons 
For light grown leaves the hydrocarbons on pri- 

mary leaves fall into two groups (Table 5). The 
major group consists of the Cz9, C3i and Cs3 
homologues and comprises 62% of this lipid class, 
while the second group consists of C,,, C,, and 
Ci s and amounts to 20%. No difference in the rela- 
tive amounts occurred if the seedlings were left an 
additional day in the light. In contrast to the pres- 
ent observations, a different distribution was found 
on leaves of older plants [9] : Cs3 = 66.9x, Cz 5 = 
15.8% and C3i = 5%. Combined, these data indi- 
cate that the composition of the hydrocarbons in 
the leaf wax depends on which leaves of the barley 
plant the wax is extracted from. The composition 
of hydrocarbons on wheat leaves has also been 
reported to vary for different leaves [ 131. 

When leaves are grown in the dark a very differ- 
ent hydrocarbon composition is found in which a 
third new group consisting of C, i, Cz3 and Czs 
homologues forms 46% of this lipid class. In addi- 
tion, in the dark at 23” a second homologous series 
and Cz8 comprise 22% of the hydrocarbons, 
whereas at 15-10” Cs3 is an important homologue 

Table 5. Per cent composition of hydrocarbons in leaf wax of barley grown in four different environments 

IhYS 4 5 4 4 5 4+ I 
Phatopermd (hr) 24 24 0 0 0 0 + 24 
Thermoperiod (‘C) 15-10 15-10 15-10 23 23 23 + 15-10 

Carbon no. 
16 
X 
17 
18 
19 
20 
Y 

21 
22 
Y 

23 
24 
Y 

25 
X 

26 
Y 

27 
X 

28 
Y 

29 
X 

30 
Y 

31 
32 
33 

8.1 

4.2 
7.5 
1.7 
I.7 

I.0 
o-7 

7-8 

44 
51 
I.7 
1.8 

I.1 
o-9 

I.8 
0.5 

4.5 5.0 

0.2 0.4 

3.5 4.0 

o-x O-8 

9-b 104 

I I.8 121 

40.7 39-2 
I.8 I.5 

2.7 23.4 
0.9 1.7 

IX.1 

5.7 

O-l 

8.9 

0.6 
0.3 

4.7 
3.1 

9.4 

22.8 
I-2 

2.1 
I.1 

I .4 
2.5 
I.8 
3-2 
2.5 

IO.0 
2.9 
2.4 

25.2 
3.0 
2.4 

I I.0 

2.0 
0.9 
2.0 
0.7 

12.3 
0.9 
2.6 
I.8 
I.5 
0.7 
I .o 
O-8 
2.0 

2.8 
I.5 
I.9 
3.4 
2.2 
6.2 

3.5 
I.3 
I.7 

222 
3.4 
2.7 

15.8 

I.8 
I-h 
4-9 

2.7 
I.1 
5.0 
I.0 
IX 
0.7 
2.5 
a.7 
7.8 
O-6 

4.0 

4.0 
5.0 
2.6 
4-5 
5-5 
7.3 
4.0 

12.9 
3.3 
3.0 
8.5 
4.1 
5.8 

4-4 

I.8 

6.7 

0.4 

2.4 
0.3 
x4 
0.4 

Composition was obtained by GLC; peak areas were determined using an integrator. Compounds amounting to <O.l% not 

included in table. 
Y = belonging to a second unknown homologous series. 
X = unknowns, not belonging to a homologous series. 
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(2304) as it was in the leaves grown at 15-10” in the 
light (41%). This implies that a thermoperiod of 
15- 10” as well as light stimulates formation of the 
C33 homologue. 

The changes in chain length distribution result- 
ing from transferring 4-day-old dark grown leaves 
to the light at 15-10” for 1 day are of two types. 
Firstly, marked shifts toward the composition of 
light grown leaves by the CZs homologue which 
decreases to 2:?,: as well as by the second and third 
groups of hydrocarbons. Secondly, a very small in- 
crease of the major group which can be attributed 
to age since the same small change also occurred 
on leaves left for an extra day in the dark at 23”. 
Thus, exposing 4-day-old seedlings to light at 1% 
10’ stimulates synthesis of the short chain hydro- 
carbons but not of C,, although when the leaves 
are younger formation of both is promoted. 

Incorporution sf’ ucetate-[ I -’ 4C] into rpidernzal 
M’L7.x 

Excised 4-day-old light grown primary leaves 
took up 950,; of the acetate-[l-‘%Z] containing 
solution through their cut ends in 2 hr. Only 1.3% 
of the acetate-[ 1-14C] taken up was incorporated 
into the epidermal wax and the labelling of the wax 
increased continually, slightly more rapidly at the 
start than the end (Table 6). In addition, the distri- 
bution of label among the wax classes remained CCI 
constant throughout the labelling time. In Table 6 

a comparison is also made between the distribu- 
tion of the masses of the lipid classes and the nor- 
malized distribution of the amount of their label- 
ling. The primary alcohols, which are the 
dominant component of this wax, also show the 
highest incorporation. The free fatty acids contain 
less label than would be expected from the amount 
present in the total wax. A preferential labelling is 
apparent, on the other hand, for the aldehydes and 
esters. A small amount of label is found in the hy- 
drocarbons after 1 and 2 hr of acetate incorpor- 
ation. At the shorter labelling times. the incorpor- 
ation was below the limit of detectability. 

Preliminary investigations of the distribution of 
14C in the various homologueswere made for the free 
and esterified primary alcohols, the aldehydes and 

hydrocarbons. In the free and esterified primary 
alcohols as well as the aldehydes, Cl6 was the most 
highly labelled chain length and was found in ca 

the same proportion as in the mass distribution. 
The relative sp. act. of the C16 aldehyde was cu 6 
times that of the CZb alcohol. In the hydrocarbons 

C33 was preferentially labelled (mass 41%, 14C 
75%). No label was detected in the second impor- 
tant group of hydrocarbons consisting of C, h, C,, 
and C,, that are found in the wax of 4-day-old 
light grown primary leaves. 

DISCUSSIoN 

Table 1 summarizes the significant differences in 
epicuticular wax composition found on primary 

Table 6. Effect of time on the incorporation of “C-label into barley leaf wax and its distribution among the wax classes 

Total 
Free fatty Free primary 

acids alcohols Aldehydes Esters Hydrocarbons 

Incorporation 
time (min) 
(dpm x 1O’:‘cm lea0 

1s 
30 
60 

I 20 
IX0 

Average 
distribution (“J 

C’4 
Mass 

18.4 0.7 IO.9 3.5 3.3 0.0 
19.4 I ,o Il.4 3.3 3.7 0.0 
57.3 I .7 39.5 5.7 IO.3 0.0 

108.3 4.3 66. I 10.8 25.9 I.1 
148.8 5.9 84.8 17.8 37.2 I.5 

4.0 61.0 13.6 20.8 06 
IO.3 83.0 1.7 4.7 0.3 

For incorporation the cut ends of 15 4-day-old light grown leaves were placed in vials containing 0.5 ml of an aqueous solution 
of 40 PCi sodium acetate-[1-‘4C], at 15’ and 14000 Ix. Wax was extracted and its radioactivity measured after different times. The 
lipid classes of the wax were separated from one another on TLC plates developed with C,H,, and the distribution of the radio- 
activity among the lipid classes determined with the aid of a TLC plate scanner and triangulation of the peak areas. A s.d. = 
4.7”; was determined for the average I::, “VI label in the primary alcohols. 
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leaves of Bonus barley grown in the light and dark 
at 15-10”. These data have been related to the pre- 
vailing ideas in the literature on the biosynthetic 
wax pathways [14,6]. The synthesis of the epicuti- 
cular wax components takes place in the epidermal 
cells [15]. First the fatty acid wax precursors are 
elongated by the addition of CZ units. One or more 
pools of precursors and elongation systems there- 
from may exist. Having attained given chain 
lengths, the elongated precursors either (a) enter 
the decarboxylation pathways leading to hydro- 
carbons, (b) enter the reductive pathways leading 
to aldehydes, primary alcohols and esters or (c) 
become detached from the elongation system giv- 
ing rise to free fatty acids. Two alternative routes 
for formation of the primary alcohols have been 
suggested, one directly from the elongated fatty 
acid precursors [6J and the other via an aldehyde 
intermediate [14]. The latter appears to be the pri- 
mary route in barley primary leaves since the rela- 
tive sp. act. of the C,, aldehyde was 6 times that 
of the CZb alcohol. Subsequent to their synthesis 
the lipids are extruded through the cell wall and 
cuticle onto the surface of the leaves. For light 
grown leaves the chain lengths given in Table 1 
represent 89% of the wax on a cm2 of cuticle while 
in dark grown leaves they total 88%. 

Under a given set of environmental conditions 
the amount of wax per unit surface area is con- 
stant. A 2.5-fold increase in amount of wax to that 
characteristic for light-grown leaves occurs when 
dark grown leaves are transferred to light. This in- 
timates that the amount of wax/cm2 on the cuticle 
regulates via a feed-back system the synthesis and 
extrusion of the wax lipids (Table 1). On the basis 
of investigations correlating the time of formation 
of wax structures and leaf expansion, the sugges- 
tion was made [16] that wax synthesis and extru- 
sion stopped when cell expansion ceased, that is, 
during the hardening of the primary wall laid 
down during growth. The present results indicate 
that more than hardening of the primary wall is in- 
volved. Furthermore if such an indirect method of 
control is involved it is more likely correlated with 
the production of lipids present in the basic pri- 
mary wall structure and not with those involved in 
a subsequent hardening thereof. 

Light regulates wax biosynthesis and extrusion 
onto the surface of barley primary leaves in several 
ways (Table 1). Firstly, it determines the quantity 

of wax per unit surface area as discussed above. On 
the other hand, the relative amounts of the wax 
classes formed via the decarboxylation pathways 
(lx), the reductive pathways (89x), and elongation 
only (10%) are very nearly the same in wax isolated 
from light and dark grown leaves. This implies that 
light induced reactions are not involved in the 
mechanism regulating the relative amounts of the 
precursors entering these three sections of the wax 
synthesizing pathways. 

A second point of control of the synthesis of bar- 
ley epicuticular wax by light is its affect on the 
chain length distributions composing each wax 
class. In the wax classes arising from the decarboxy- 
lation and reductive pathways, the long chain 
lengths which predominate in the wax from light 
grown leaves are less prominent in the wax from 
dark grown leaves..For example. while the C,,, 
C3i and C,, homologues dominate the hydrocar- 
bons in the light, the C2r, C23 and C,, group is 
proportionally much larger in the dark. In 9 of the 
37 wax samples they analyzed, Stransky and 
Streibl [17] also observed two distinct maxima in 
the hydrocarbon chain length distributions. In the 
hydrocarbons, primary alcohols and free fatty 
acids from dark grown barley leaves, the two max- 
ima characterizing the chain length distributions 
differ by two or more carbons. This intimates that 
the enzymes carrying out a given reaction in wax 
biosynthesis select specific chain lengths as sub- 
strates. In agreement with suggestion of von Wett- 
stein-Knowles [IS], two or more sets of enzymes 
with differing chain length specificities appear to 
be involved in formation of a wax class. For 
example, instead of a single fatty aldehyde reduc- 
tase [19] able to utilize as a substrate both CZ2 and 
CZ6 aldehydes to form the respective alcohols, 
there may be two fatty aldehyde reductases one 
utilizing C2z and the other utilizing Cl6 aldehydes. 
In the wax from light grown leaves one chain 
length or group of chain lengths predominates. In 
terms of the above hypothesis this observation 
would suggest that the two or more sets of 
enzymes synthesizing the two groups of chain 
lengths within a wax class are differentially sensi- 
tive to light. 

The temperatures studied also influenced the 
chain length composition of the hydrocarbons and 
free fatty acids, but had little influence on the com- 
positionofthe aldehydes, free andesterified primary 
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alcohols. The differential response to temperature 
exhibited by the various homologues composing 
the hydrocarbons and fatty acids support the pro- 
posal that in wax biosynthesis there are at least 
two sets of enzymes with different chain length spe- 
cificities. 

In all wax classes a change in the chain length 
composition was brought about by transferring 4- 
day-old leaves grown in the dark at 23” to the light 
for 24 hr at 15-10 . Several different responses 
were observed. Firstly, a shift in the spectrum to- 
ward that characteristic for light grown leaves at 
15-10” of the same age (free and esterified fatty 
acids, hydrocarbons). Secondly, a change in the 
chain length distribution that would have occurred 
even if the leaves had remained in the dark at 33” 
for an additional day (free and esterified alcohols). 
Thirdly, the appearance of a new spectrum, that is. 
one arising neither from a shift toward that charac- 
teristic for light grown leaves nor from a shift to- 
ward that of older dark grown leaves (aldehydes). 

These different responses indicate that the in- 
fluence oflight at IS- IO” on the chain length distri- 

butions of the wax classes present on barley pri- 
mary leaves as summarized in Table 1 depends in 

part on the age of the leaves when they are exposed 
to these given environmental parameters. Further- 
more, since the wax classes responded differently 
more than one control mechanism must be in- 
volved. 

The C,,. C,, and C,, group of hydrocarbons 
has not been included in Table 1. It resembles the 
major group (C,,+ C3, and CJ3) in that its forma- 
tion is stimulated by light. Unlike the long chain 
group. however, the odd chain length Cl7 does not 
predominate and neither Cl,, C,, or C,, is 
labelled with acetate-[1-*4C]. These results inti- 
mate a separate pathway for these short chain 
length hydrocarbons. Two different pathways for 
normal hydrocarbon synthesis have also been sug- 
gested by Kaneda [20] on the basis of his com- 
positional analysis of hydrocarbons in the surface 
wax and internal lipids of spinach leaves. 

EXPERIME%TAL 

Muterids and yrowrh c-or~di~ions. Barley cultivar SvalGf’s 
Bonus was used in all experiments, the most essential were 
repeated from 2 to 4 times. To overcome differences in germina- 
tion time under various environmental conditions. seeds (2Og’ 
box) were germinated in a dark room at 23 ‘. When the primary 
leaves started to penetrate the cu 3 cm long coleoptilc 3 days 

after planting. the seedlings were divided into 3 groups. The first 
group remained in the dark room at 23 and are rcferrcd to as 
dark leaves at 23 The second group \\a& transferred lo the 
dark cabinet bhere the temp alternated between 15 for I6 hr 
and IO for X hr (optimal gro\vth conditions in the vegative 
phase for Bonus L21,22]. and these leaxes are designated dark 
lcavcs at I5 10 The third group was placed in a growth 
chamber where the light Intcnsit> at \crmiculitc level v\as 
14000 lx and the temp. conditions were a$ for the dark cabinet. 
These leaves are designated Ilght leaves. Rccausc the sccdllngs 
wcrc only placed in the different cuvironmcnis 7 da!s after 
planting, their age 1s calculated from thib tlmc. Thus. 7 days 
after sowing th? primar! lca~es are refcrrcd to as J-da!-old 
lcaves. Two additional groups of lcaves were established h! 
taking 4-da!-old dark lcavea at 31 or 15 10 and transferring 
them to the growth chamber in the light for one dac at I5 IO 
These leaves are referred to as dark to light transferred lcavcs 
with the dark temperature hemp rpeciticd. In all csperlmcnts 
the humiditv was 60 X0”,,. F‘or the nnalbscs of the chain lcn8th 
distribution- of the wa)i classes. light &o~~n leaxs wc‘rt’ -, gl_-- 
minated in the lighted growth chamhcr and no1 in the dark at 
23 as was all other material. 

Ilil\- c~t,z~fic~/l rrnd UPU//I~II~~. t-picuticular \\a~ for chemical 
analyses was extracted from that part of the 3 or 5-da)-old pri- 
mary leaves extending above the colcoptilc using the method of 
von Wcttstetn-Knowles [9] c\ccpt that tMc> I5 set dips wt‘rc 
emplo!cd. To determine the /~g cm’ Ical: wax was extracted hq 

thesameproccdurcfrom 3 h-da\-oldlcalcsgroa nin thcdlfli’rcnt 

environments. Each ~mplc comprihed JO lcascs. The (‘Cl, 
extract was evaporated to u 0.5 ml. transferred to a u cighlng 
pan. heated until the remaming (‘Cl, was elaporatcd (0.5 
I mm) and then weighed on an clcctrobalancc. No difYcrcncc in 
ut was ohser\cd if the sample aflcr hcing hca~cd \~:ib dried over 
P20i in a desiccator- for I7 hr. 

L‘Wj llwyrh U/Id (,,‘(‘11 IlI~‘Ll.\l~l‘(‘lli~‘Illb. The amount of \+a~ is 
evprcssed as lig or ng ~a\ cm’ leaf. Slncc the leaf length 1s 
much casicr to measure th;ln the leaf arca, the ralio bct\*ccn 
these two paramcter~ was cctablished TOI- -I-da>-old primal-> 
leaves in 3 different Cn~mInmcnts. In each c\pl I11 Icavcs n’crc 
cut above the coleoptlle and ths wan curracted as descl-ihed 
abole. Then the circumfercncc of the Ira\cs \\a> traced on 
paper and the area determined using a planimcter. The ratlo 01 
leaf area in cm’ 1s ~0 0.9 x Icaf Icngth in cm for the leaves 
grown under all 1 conditions. 

Sc~~c~rutio~~ 01 li[pirl ~.lt~.ss(,.\. Scparatio~~ 01 the \\a\ components 
\\a% performed in 2 \I~;L\IS. The first method comhlncd column 
chromatograph! and T’1.C. [c). 1X.33] and uas used to rapid]! 
obtain small amounts of the individual llpi~i classes for chain 

length analysis. The second method used only column chroma- 
tography and u a$ emplolod to determine the “,) composition of 
the w&xes. The free fatt! acids wt‘rc’ Isolated from the other \\a\ 
classes (97 loo”,, rcco\cryJ b! moans of a Horisil column. The 

latter conslst~ng of 50. 70 mg Aerc separated from one another- 
using the column chromatographlc technique dcvelopcd by 

Netting [2-t] with the follo\\\,ing modifications. A 07 >- I-W cm 

column was used with an almost constant Ilo\\ talc of 0.2 ml 
min. The volumes of solvents npplicd wcrc: CCI,. I I50 ml: 
C,,H,. 300 ml: and EtoAc. 300 ml. Fractions (S IO ml) MCI‘C col- 
lected using a fraction collcctol-. Recobcry vxs 97~ IOO”,,. 

GLC. Analysis \%;I\ performed on a dual FID Instrument 
using two 152 cm x 0.Z cm blainlc\s steel columns containing 
7”,,, SE-30 on Chromosorh W. isotherm and tamp programmed 
chromatograma wcrc run using temps hrtaeen. I’JO and 750 
and a N, flop irate ufca 3 ml min. Peak arcaj K~TC deter-mined 
using a digltal electronic computcl 
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_ Acetate-[I-‘T] incorporation. Primary leaves from 4-day- 
old light grown seedlings were excised just above the coleoptile 
and placed cut end down in a 0.5 ml aq. soln containing 40 PCi 
NaOAc~[l-‘4C](61 mCi/mmol,Amersham, UK). 15leaveswere 
used for each expt which was carried out in a growth chamber 
under 140001x at 15”. At the end of the incorporation periods, 
which varied from 15 to 180 min, the amount of label not taken 
up by the leaves and that incorporated into the wax was deter- 
mined using a scintillation counter. First, the remaining ace- 
tate-[1-L4C] soln was combined with a dist H,O rinse of the 
leaf bases to remove any adhering acetate and counted using 
Bray’s soln[25]. Then aliquots of the wax, extracted as des- 
cribed above, were taken to dryness and counted using a scintil- 
lant consisting of 4g 2,5 diphenyloxazole and 50mg I,Cbis- 
[2-(5-phenyloxazolyl)] C6H, in 1 1 toluene. Counting efficiencies 
were 80 and 84%, respectively; quenching corrections were per- 
formed by the external channel ratio method. Separation of the 
lipid classes was achieved using Si gel H TLC plates devel- 
oped in C6H,. The relative amounts of label in the various wax 
classes were measured using a TLC Scanner, followed by trian- 
gulation of the resulting peak areas. The distribution of label 
within a lioid class was determined using GLC-RC. Pro- 
grammed chromatographs were run on the same columns de- 
scribed above using column temps between 175-275” and a 
He flow rate of ca 50mlimin. The % composition of the 14C 
containing compounds was obtained by triangulation of their 
peak areas. 
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